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摘摘摘要要要: 非晶硅/晶体硅异质结太阳电池 (SHJ) 是在晶体硅上沉积非晶硅薄膜，它综合了晶体硅电

池与薄膜电池的优势，具有结构简单、工艺温度低、钝化效果好、开路电压高、温度特性好、双

面发电等优点，是高转换效率硅基太阳电池的热点方向之一。本文首先综述了近几年 SHJ 电池

制造工艺技术的进步，包括臭氧清洗硅片、热丝化学气相沉积技术沉积非晶硅薄膜、透明导电薄

膜沉积方法和材料的改进，以及新型金属化电极技术在 SHJ 电池中的应用所取得的进展。然后

介绍了结合背面结技术、载流子选择性钝化接触技术的硅异质结电池以及薄型硅异质结太阳电池

最新研究情况。进一步分析了与叉指式背接触技术相结合的硅异质结电池、与钙钛矿太阳电池技

术相结合的钙钛矿/硅异质结两端叠层太阳电池的研究现状，指出硅基异质结太阳电池是迈向更

高效率太阳电池的基石。

关关关键键键词词词: 异质结；硅太阳电池；背面结技术；载流子选择性钝化接触技术；叉指式背接触；钙

钛矿/硅异质结两端叠层太阳电池
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I. 引言

近年来，太阳能光伏发电科技和应用高速发展，

光伏发电已成为最重要的可再生能源之一。到目前为

止，光伏产业仍然是建立在硅材料的基础上，晶体硅

太阳电池是当今光伏产业的主流，市场上 90% 以上的

太阳电池是晶体硅太阳电池。晶体硅太阳电池分为单

晶硅电池和多晶硅电池，而按照硅材料的掺杂类型又

可分为 p 型电池和 n 型电池。提高光电转换效率、降

低生产成本是光伏产业永恒的主题。由于成本优势和

相对较高的效率，当前光伏产业关注的热点是基于 p

型硅片的钝化发射极及背面电池 (passivated emitter

and rear cell, PERC)。但是相对于 p 型硅电池，n 型

硅电池的光诱导衰减 (LID) 极低，此外 n 型硅对某些

金属杂质的敏感性低，在相同的杂质浓度下，n 型硅

比 p型硅具有更高的少数载流子寿命。这些特性使得 n

型硅电池比 p 型硅电池具有长寿命和高效率的特点，

因此高效率 n 型硅电池也一直受到重视，这其中基

于 n 型硅片的钝化发射极背面全扩散电池 (passivated

emitter rear totally-diffused, PERT)、叉指式背接触电

池 (interdigitated back contact, IBC)和非晶硅/晶体硅

文章编号: 1000-0542(2019)01-0001-22 1
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2 李正平等: 硅基异质结太阳电池新进展

图 1. 非晶硅/晶体硅异质结太阳电池发展历程。(a)、(a’) 早期单面 SHJ 电池的结构示意图和小面积 SHJ 电池的 I-V 曲

线 [2]；(b)、(b’) 双面 SHJ 电池的结构示意图和效率超过 20% 的 SHJ 电池 I-V 曲线 [3]；(c) 三洋（松下）的 SHJ 电池发展

历程，SHJ 电池最高效率已达 24.7% 且电池厚度仅为 98 µm[4]；(d) 目前最高效率 25.1% 的 SHJ 电池 I-V 曲线 [5]。

异质结电池 (silicon heterojunction, SHJ) 已经实现了

规模量产。

早在 1985 年，美国科学家 Yablonovitch 等就指

出 [1]，理想的太阳电池应该具有双异质结结构，即禁

带宽度较小的吸收层材料夹在两个不同掺杂类型的宽

禁带材料之间，该结构易在吸收层材料中获得较大的

准费米能级分裂；如果异质结界面能被很好地钝化，

该结构电池将可获得较高的电压和效率。SHJ 电池是

这种设想成功的典范，最早是日本三洋电机（已被松

下公司收购）在 20 世纪 90 年代，将本征非晶硅薄膜

用于非晶硅/晶体硅异质结太阳电池 [2,3]，在 p 型非晶

硅、n 型非晶硅和 n 型单晶硅异质结之间插入一层本

征非晶硅薄膜（简称 a-Si:H(i)，或 i-a-Si:H），实现了

异质结界面的良好钝化，获得了较高效率的非晶硅/晶

体硅异质结电池，并最早实现了 SHJ 电池的批量生

产。SHJ电池的结构 [3] 如图 1所示，它是以 n型单晶

硅片为衬底，在经过清洗制绒的硅片正面依次沉积厚

度为 5∼10 nm 的本征非晶硅薄膜、p 型非晶薄膜（简

称 a-Si:H(p)，或 p-a-Si:H），从而形成 p-n 异质结；

在硅片背面依次沉积厚度为 5∼10 nm 的 i-a-Si:H 薄

膜、n 型非晶硅薄膜（简称 a-Si:H(n)，或 n-a-Si:H）

形成背表面场；在掺杂 a-Si:H 薄膜的两侧，再沉积透

明导电氧化物薄膜 (TCO)，最后通过丝网印刷技术在

两侧的顶层形成金属电极并烧结 (< 250◦C) 。SHJ 电

池具有结构简单对称，工艺温度低等优点。同时，SHJ

电池具备独特的能带结构和全面积钝化特性，且使用

高质量 n 型硅基底，使得电池的本体复合和界面复合

都得到有效控制，因而 SHJ 电池的开路电压 (Voc)比

常规电池要高许多（目前 SHJ 电池的 Voc 最高达到

了 750 mV[4]），从而能够获得较高的光电转换效率

（目前纯 SHJ 结构的电池效率已达 25.1%[5]）。在发

电性能方面，SHJ 电池的温度系数低，约为常规晶体

硅电池的一半，温度升高时输出功率影响小，高温时

发电量增益大；另外 SHJ 电池具有双面发电特性，正

反面受光后都能发电，封装成双面电池组件后年平均

发电量比单面电池组件多出 10% 以上。

正是由于 SHJ 电池在结构、工艺和使用性能方面

的优势，外加 SHJ 电池的专利已经到期，所以在 2010

年后关于 SHJ 电池的研发和产业化蓬勃发展。我们

在 2014 年也及时全面地总结了当时非晶硅/晶体硅异

质结太阳电池的研发和产业化状况，并出版了《硅基

异质结太阳电池物理与器件》专著 [6]。自专著出版

后，硅基异质结太阳电池的研发和产业化又取得了诸

多的进展，本文将综述近几年异质结电池在新工艺、

2



李正平等: 硅基异质结太阳电池新进展 3

新技术和更高效异质结电池方面的新进展。

II. 异质结太阳电池的制造工艺进展

SHJ 电池的基本制造工艺包括清洗制绒、非晶

硅薄膜沉积、TCO 薄膜沉积和金属化电极制作。基

于 SHJ 电池的基本工艺，本部分主要综述臭氧清洗硅

片、热丝化学气相沉积技术沉积非晶硅薄膜、TCO 薄

膜沉积方法和 TCO 材料的改进，以及新型金属化电极

技术在 SHJ 电池中的应用所取得的进展。

A. 臭臭臭氧氧氧清清清洗洗洗

图 2. 传统 RCA 工艺与臭氧清洗工艺步骤对比 [8]。图中
的 SDR和 Tex为 Saw Damage Removal去切割损伤和 Tex-
turing 制绒的缩写。

制作太阳电池的第一步工序是对硅片进行清洗并

形成绒面以陷光。SHJ 电池的特征之一是具有高钝化

质量的非晶硅/晶体硅界面，要求硅片表面高的清洁度

和合适的金字塔形貌。因此相对于其他晶体硅电池，

如铝背场电池 (aluminum back surface field, Al-BSF)

和 PERC 电池，SHJ 电池对清洗制绒步骤的工艺要求

更为严格。针对 SHJ电池的硅片清洗，一般是以 RCA

清洗工艺为基础。RCA 工艺是 1965 年由美国无线电

公司 (Radio Corporation of America) 开发的针对半导

体晶圆的清洗工艺 [7]，该工艺主要包括 SC1（NH4OH

和 H2O2 混合溶液）和 SC2（HCl 和 H2O2 混合溶

液）两个步骤。RCA 清洗工艺主要应用于实验用途，

但在 SHJ 电池规模化生产中也参照了 RCA 工艺，

由于使用的 NH4OH 和 H2O2 挥发性较强，而 SC1

和 SC2工艺温度都高于 60◦C，因此造成化学品的消耗

量较大，SHJ 电池的硅片清洗成本极高。

针对 RCA 清洗工艺在 SHJ 电池规模化生产中面

临的挑战，以臭氧 (ozone, O3) 为基础的硅片清洗工

艺和量产化的设备受到重视 [8]。 图 2 是以 RCA 工艺

基础和以臭氧工艺为基础的硅片清洗制绒工艺比较。

与 RCA相比，在前清洗 (Preclean)过程中使用臭氧去

离子水溶液(DIO3) 替代 SC1，在后清洗 (Postclean)工

艺中使用臭氧/氢氟酸溶液 (DIO3/HF) 替代 SC1、氢

氟酸/硝酸混合溶液 (HF/HNO3) 及 SC2 三个步骤，

摆脱了氨水，硝酸和过氧化氢三种溶液的使用，同时

臭氧清洗无任何含氮废水的排放，其效果却是能够实

现对有机杂质（如添加剂残留）和金属杂质（如钾离

子、钠离子及过渡金属离子）的高效去除。

如图 3 所示，通过改变制绒添加剂的配比及工

艺时间可准确地控制金字塔的尺寸。大尺寸的金字塔

可有效减少单位面积内塔底区域的数量及微绒面的形

成，可以更好地提升非晶硅钝化的效果及提高电池的

开路电压 Voc。另一方面，随着金字塔尺寸的增大，

绒面的反射率增加，从而会导致 SHJ 电池的短路电

流 Isc 下降。因此，在工艺调试过程中必须精确优化

金字塔的尺寸以得到最高的电池效率。此外，臭氧清

洗工艺中 DIO3/HF 步骤会对金字塔结构的表面进行

各向同性的轻微刻蚀（也称圆润化 rounding，刻蚀量

为 100∼300 nm），能有效地去除塔尖、塔底和金字塔

侧面等富含晶体缺陷的区域（见图 3(d) 和 (e)），有

利于高质量非晶硅薄膜的生长，从而提高界面钝化效

果和电池的开路电压。

在德国 Fraunhofer 太阳能系统研究所 Moldovan

等 [9] 发表的对比试验中，臭氧清洗的 SHJ 电池转换

效率最多高出 RCA 对比组 ∆η = 0.45% 的绝对值。综

上，臭氧清洗工艺既可实现硅片表面的高效清洗，也

能控制金字塔绒面微结构，同时可节省化学品用量，

避免含氮废水的排放。因而，臭氧清洗工艺从 2015 年

起已经在全球 SHJ 规模化生产中得到广泛的推广。

B. HWCVD 应应应用用用

生长高质量的本征和掺杂氢化非晶硅薄膜，获

得高质量的氢化非晶硅/晶体硅界面是制备高效硅

异质结电池的关键。氢化非晶硅薄膜通常使用化学

气相沉积法 (Chemical Vapor Deposition, CVD) 生

长，根据设备的不同，又有等离子体增强化学气相

沉积 (Plasma Enhanced CVD, PECVD) 和热丝化学

气相沉积 (Hot Wire CVD, HWCVD) 两种方法。相

较于 PECVD，HWCVD 的应用范围较窄，但由于其

独特的性质，在硅异质结电池上取得了成功。日本

三洋（现松下）公司硅异质结电池最新量产技术即使

3



4 李正平等: 硅基异质结太阳电池新进展

图 3. 改变制绒添加剂配比及工艺时长可准确的控制金字塔的尺寸 [8]：(a) 2 至 4 微米，(b) 5 至 7 微米，(c) 10 至 12 微
米，(d)、(e) 为使用臭氧氢氟酸溶液 DIO3/HF 轻微刻蚀后的金字塔形貌。

用 HWCVD。

HWCVD 沉积氢化非晶硅薄膜的机制如图 4 所

示 [10,11]。从热丝到硅基底存在一个温度梯度，主要

的反应过程可分为 3 个区域。第一个区域是在热丝

（如 Ta 丝）附近，硅烷 (SiH4) 发生热分解，生成 Si

原子和 H 原子；热丝与基底间的绝大部分真空区域为

第二个区域，在此，Si 原子和 H 原子与 SiH4 分子碰

撞发生反应，生成一系列 SiH 基元，主要为 Si2H2

和 SiH3；这些 SiH 基元到达基底表面（第三个区

域），沉积为氢化非晶硅薄膜。如同时通入掺杂气

体（如 B2H6、PH3），热分解为掺杂原子 (B、P)，

以替位态进入氢化非晶硅结构网络，可实现氢化非晶

硅薄膜的掺杂。热丝温度、硅基底温度、SiH4，H2 流

量比等工艺条件决定了氢化非晶硅薄膜的结构和性

质，进而决定了电池的最终效率，尤其是本征氢化非

晶硅薄膜，不仅直接决定界面的钝化，也直接影响载

流子的输运。通常要求薄（几纳米）且致密的本征氢

化非晶硅薄膜，并形成突变的本征氢化非晶硅/晶体

硅界面，对其生长控制提出了很高的要求。热丝化学

气相沉积也被称为催化化学气相沉积 (Catalytic CVD,

Cat CVD)，即认为热丝表面对气体的分解反应有催化

作用。但对于氢化非晶硅沉积而言，实验表明 [12] 其

沉积速率主要决定于 SiH4 流量和热丝温度，而与热丝

的材料无关，由此说明 SiH4 的分解主要是一个热过

程。

HWCVD 沉积氢化非晶硅薄膜是基于热丝对反应

气体的热分解，没有等离子体对基底的轰击，这是其

区别于 PECVD 的一个显著特征。对于硅异质结电

池，有助于形成高质量的明显突变的氢化非晶硅/晶

体硅界面。Matsumura 等 [13] 使用扫描透射电子显微

镜 (STEM) 技术观察到了氢化非晶硅/晶体硅界面的

原子分辨率图像，如图 5 所示。在图 5(a)、(c) 中右

侧每一对亮点即是晶体硅中的一对硅原子，从中可

见，HWCVD 氢化非晶硅与晶体硅有更明显的界面，

界面处的过渡层厚度约 0.6 nm，为 PECVD 氢化非晶

图 4. HWCVD 沉积氢化非晶硅机制示意图 [10]。
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硅/晶体硅界面过渡层厚度的 1/3。而图 5(b)、(d) 则

更直观地反映了上述界面的差异，HWCVD 氢化非晶

硅到晶体硅的信号变化的斜率更大，对应了更陡峭的

氢化非晶硅/晶体硅界面。Matsumura 等进一步研究比

较了 HWCVD和 PECVD沉积的 a-Si:H(i)对硅表面的

钝化效果，制备了 SiNx/a-Si:H(i)/c-Si/ a-Si:H(i)/SiNx

双面钝化样品，其中 SiNx 以 HWCVD生长，a-Si:H(i)

以 HWCVD 或 PECVD 生长。测试样品的少子寿命

分别为 10 ms (HWCVD)和 3 ms (PECVD)，表明 H-

WCVD 生长的 a-Si:H(i) 具有更好的钝化效果。

此外，和 PECVD 相比，HWCVD 还有一些其它

特点。第一，HWCVD 可以高效地分解 H2，产生很

高密度 (> 1014 cm−3) 的 H 原子。氢化非晶硅对硅

表面的钝化作用被认为主要源于 H 原子对硅表面悬

挂键的钝化，高密度 H 原子的存在原则上有利于钝

化。第二，HWCVD 的气体利用率在 80% 以上，远

高于 PECVD (10 ∼ 20%)[10]。因而，其产生的硅粉

尘很少，简化了设备的维护。第三，理论上可以在热

丝 360 度方向上同时沉积氢化非晶硅。实际中，通常

在热丝两边均设置载板，同时在热丝的两侧沉积氢化

非晶硅，有效提高设备的产能。

HWCVD 也有一些方面不及 PECVD。首先，

其在同一块载板内沉积薄膜的厚度均一性一般

为 10∼15%[14]，而 PECVD 可以控制在 5% 以内。

但我们发现，HWCVD 方法制备的硅异质结电池效率

在载板内的均一性可控制在 2% 以内，因为电池的各

电学参数（开路电压 Voc、短路电流密度 Jsc 和填充因

图 5. 氢化非晶硅/晶体硅界面的高分辨 STEM图像 [13]：(a)
HWCVD 氢化非晶硅， (c) PECVD 氢化非晶硅。(b)、(d)
分别对应于 (a) 和 (c) 红色矩形区域中紧密排列的硅原子
的信号强度分布。较低的信号强度平台对应氢化非晶硅的区
域，较高的信号强度平台对应晶体硅的区域。

子 FF）随厚度变化呈现此消彼长的变化（见图 6）。

其次，HWCVD 的关键部件热丝，在使用过程中存在

老化 (aging) 问题，即会和 SiH 基元发生反应，形成

硅化物，使热丝的电阻率和表面状态发生变化，出现

开裂和孔洞（见图 7），影响氢化非晶硅薄膜的质量进

而显著影响硅异质结电池的效率；热丝甚至会发生断

裂，迫使设备停止运行。对 HWCVD 而言，热丝是一

个耗材，需要定期更换，更换周期通常小于 1 个月。

热丝的损耗和更换一方面增大了设备的运行成本，另

一方面制约了设备的稳定运行时间(uptime)。因而，需

要从热丝材料，设备设计和运行工艺等方面出发，找

到延长热丝寿命的方法，将对 HWCVD 技术在硅异质

结电池上的进一步应用起到很好的促进作用。

C. TCO 改改改进进进

在 SHJ 太阳电池中，由于 a-Si:H 薄膜的导电性

很差，通常需要在 a-Si:H 薄膜表面制备一层 TCO 薄

膜，用来收集光生载流子并将其输运到金属电极上。

同时，迎光面 TCO 薄膜还必须具备减反射功能，降低

电池的表面光反射损失，可见 TCO 薄膜对 SHJ 太阳

电池的 Jsc 起着重要作用。因此，TCO 薄膜既要有较

好的导电性，又要有较高的透过率。

近年来，在硅异质结电池上 TCO 薄膜的进展主

要是沉积方法和 TCO 材料的改进。由于 SHJ 太阳

电池的高开路电压与 a-Si:H 薄膜对 c-Si 表面的良好

钝化有关，这就要求后续 TCO 镀膜过程不能破坏 a-

Si:H 薄膜的初始钝化效果。显然，低离子轰击损伤

的 TCO 镀膜技术对实现高填充因子和高开路电压

至关重要。考虑到诸多光电器件对 TCO 薄膜及其

制备技术的苛刻要求，日本住友公司开发了一种低

温、低损伤 TCO 薄膜镀膜设备 — 反应等离子体沉积

(Reactive plasma deposition，RPD) 或者是离子镀沉

积 (ion platin) [16]，该设备的主要特点是利用特定的磁

场控制氩等离子体的形状，从而产生稳定、均匀、高

密度的等离子体，其设备原理如图 8 所示。与传统磁

控溅射 (SP) 镀膜技术相比，RPD 技术的等离子体能

量分布相对集中且离化率更高，有效粒子的能量分布

在 20∼30 eV 范围内，几乎没有能量大于 50 eV 的高

能粒子。相反，SP 技术中有效的粒子能量范围在 1∼3

eV，但其等离子体中却含有大量的能量高于 100 eV

的高能粒子，如二次电子、氩离子和氧离子等，对

基板表面有很强的轰击刻蚀作用。因此，在相同条件

下，RPD 技术制备的 TCO 薄膜结构更加致密、结晶

5



6 李正平等: 硅基异质结太阳电池新进展

图 6. HWCVD 制备的硅异质结电池各参数在载板内的分布情况。

图 7. Ta 丝使用前 (a) 和在 SiH4 中加热后 (b) 的 SEM 图

像 [15]。

度更高、表面更加光滑、导电性更高、光学透过率更

好。用 RPD技术沉积 TCO薄膜并应用于 SHJ电池，

可获得效率达 23% 以上的 SHJ 电池 [17]。

为了获得高效率的 SHJ 太阳电池，TCO 薄膜必

须同时兼备良好的光学性能和电学性能。低电阻率、

高透光率和低温生长是 SHJ 电池对 TCO 薄膜的基本

要求。TCO 薄膜的电阻率与自由载流子浓度和迁移率

的关系为 ρ = 1/(qNµ)，式中，ρ 为电阻率，q 为电子

电量，N 为自由载流子浓度，µ 为载流子迁移率。要

想获得低的电阻率（高导电性），可以通过增加载流

子浓度和提高载流子迁移率来实现。常用的 TCO 材

图 8. RPD 设备原理示意图 [16]。

料是 SnO2 掺杂的 In2O3（氧化铟锡，ITO），高导

电性的 ITO 薄膜通常是以高载流子浓度作为支撑，

但是 ITO 薄膜在长波段光谱的自由载流子寄生吸收

很大，会导致异质结电池的 Jsc 相对较低。虽然 R-

PD 镀膜技术可以在低温下制备出高品质的 ITO 薄

6
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膜，但是 ITO 薄膜的迁移率却普遍不高，只有 20∼40

cm2/(V·s）。为了使电池效率最大化，开发新型的
高迁移率 TCO 薄膜材料显得尤其重要。有几种方

式 [18,19] 可以实现较高载流子迁移率的掺杂 In2O3：1)

用其他金属氧化物，如 Zn、Ti、Zr、Mo 和 W 的

氧化物等取代 SnO2 对 In2O3 掺杂 (In2O3:Me)，可

以获得 ∼80 cm2/(V·s) 的载流子迁移率；2) 用氢掺

杂 In2O3 (In2O3:H) 或金属氧化物和氢共掺杂 In2O3

（如 In2O3:Ce,H），可以获得 > 100 cm2/(V·s) 的载
流子迁移率。日本长洲产业公司 [20] 用 CeO2 和氢共

掺杂的 In2O3 作为 TCO 薄膜材料，得到载流子迁移

率达到 140 cm2/(V·s) 的 In2O3:Ce,H 材料，将其应

用于异质结电池，获得了效率高达 24.1% 的全面积

(243.4 cm2) 异质结电池。这主要得益于以 In2O3:Ce,H

作为 TCO，较高的载流子迁移率和电池在近红外波

段的良好光谱响应，有效提高了电池的 FF 和 Jsc，

以 In2O3:Ce,H 和 ITO 做 TCO 层的 SHJ 电池在近

红外波段的内量子效率 (IQE) 比较见图 9。虽然氢

掺杂可提高 TCO 的迁移率，但氢掺杂 TCO 的长

期稳定性需要关注 [21]。在湿热条件下（85◦C，85%

湿度）测试 In2O3:H 的性能变化，发现随测试时

间的延长，In2O3:H 的迁移率显著降低，电阻率增

大；In2O3:H 迁移率的降低被认为和材料晶界处 H 的

降低有关，在 In2O3:H 上沉积 ITO 形成复合薄膜可提

高其长期稳定性。

图 9. 以 In2O3: Ce,H 和 ITO 做 TCO 层的 SHJ 电池在近
红外波段的 IQE 比较 [20]。

另一方面，基于掺杂 In2O3 的 TCO 材料，由于

含有稀有金属 In，成本较高。AZO (ZnO:Al) 是一种

成本较低的 TCO 材料，将其用于 SHJ 电池，可降

低电池的制备成本。AZO 在长波段的吸收通常要低

于 ITO，但其迁移率通常只有 ∼10 cm2/(V·s)，导电

性较差 [22,23]，可用在 SHJ 电池的背面，因电池背面

的栅线数目通常几倍于正面，对背面 TCO 的导电性

要求可适当降低。AZO 也可以用在背面结 SHJ 电池

的正面，在背面结 SHJ 电池中，电子的横向传输可以

由 TCO 层扩展到 n 型硅基底内，可降低对正面 TCO

的导电性要求（详见 III. A 节）。Cruz 等 [23] 将 AZO

用在背面结 SHJ 电池的正面代替 ITO，获得了较 ITO

电池更高的 Jsc 和效率。同时发现，如在该电池中使

用 AZO/SiOx 双层减反射薄膜，在维持同等减反射效

果的前提下，AZO 的厚度可降低一半。AZO 厚度降

低使得其寄生吸收降低，方块电阻增大，使电池的 Jsc

增大，FF 减小，电池的效率可保持不变。而 AZO 厚

度的降低意味着 TCO 材料成本的下降。使用低成本

的 TCO 材料，通过电池结构设计维持较高的电池效率

应是未来发展的一个方向。

D. 金金金属属属化化化进进进展展展

太阳电池的正反面一般都会有电极，以与 p-n 结

两端形成紧密欧姆接触。在电池光照面上的电极称

为上电极，通常是栅线状，以收集光生电流；而在电

池背面的电极称为下电极或背电极。下电极可以布满

电池背面（如常规铝背场电池），这样则形成单面电

池；也可以是栅线状，以形成双面电池，背面栅线数

目通常几倍于正面栅线数目以减少电池串联电阻。制

作电极的材料一般是具有优良导电性能、收集效率高

的 Ag、Cu、Al 等金属材料，制作电极的方法目前主

要是丝网印刷。对 SHJ 电池而言，降低电池正面遮

光损失、减小栅线的欧姆损耗、改善电极与 TCO 的

接触、低成本的电极制备方式是金属化的研究方向。

选择低电阻的银浆、减小栅线宽度及提高栅线的高宽

比 [3] 是常规应用于改善 SHJ 电池电极性能的方法。

近年来兴起的无主栅技术和铜金属化技术是突破丝网

印刷技术瓶颈、提高载流子收集几率的有效尝试，本

小节将综述异质结电池在电极方面取得的进展。

太阳电池的栅线会遮挡部分太阳光进入电池，为

提高电池转换效率则希望栅线越细越好，然而栅线越

细则电阻损失越大，填充因子也因此降低，所以太阳

电池栅线设计的核心是平衡遮光和导电的关系。在太

阳电池片上，主栅线 (Busbar，BB) 的主要作用是收

集电流并进行汇流。从电池片电流收集角度考虑，主

栅线数量的增加，通过每根主栅线的电流减小，电阻

损耗减小；另一方面细栅线的电阻损失随主栅线数量

的增加而显著降低 [24]，因为主栅线数量的增加使得载

7
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(a) (b) (c)

图 10. (a) 多 (12) 主栅多晶太阳电池照片，(b) 无主栅太阳电池示意图，(c) 无栅线太阳电池示意图。

流子通过细栅线的传输距离极大地缩短，细栅线上承

载的电流减小，从而欧姆损失也显著降低。因此，增

加主栅线的数量，可以实现减小主栅线和细栅线物理

尺寸，从而实现减少遮光和降低单位银耗量。

在同质结晶体硅太阳电池上，从最初的 2 BB、3

BB，发展到现在的 4 BB 和 5 BB，是一个渐变的过

程，本质上与传统的 2BB 电池制作工艺差异不大。目

前主栅的发展趋势是从 4 BB/5 BB 发展到所谓的多

主栅 (Multi Busbar，MBB)。所谓多主栅，一般是指

太阳电池有 5 根以上的主栅线，图 10(a) 是 12 BB 的

多晶太阳电池实物照片。根据大量数据和研究显示，

多主栅技术在电池端转换效率可提升大约 0.2%，节省

正银耗量 25∼35%。 多主栅技术在同质结晶体硅太阳

电池上获得的效果，完全可以复制到异质结太阳电池

上，目前已有部分企业在布局多主栅异质结电池，相

信不久就会有多主栅异质结电池面世。

为进一步减少正面的遮挡和降低银浆的消耗量，

太阳电池栅线的发展是往无主栅 (Busbar-free) 方向

发展。在制作此类无主栅电池时，保留传统的正面

丝网印刷，在电池上制作底层的细栅线，而后通过不

同的方法将多条垂直于细栅的栅线覆盖在其上，形成

交叉的导电网格结构（示意图见图 10(b)），第二层

栅线仍可称为主栅，主栅的材料目前多为金属线。这

里金属线其实更可以看作是替代了传统焊带的角色，

让更多更细的焊带直接连接电池细栅，汇集电流的同

时实现电池互连，取消了常规组件工艺中电池焊带串

焊的环节，在电池层面取消了传统的主栅，故该技术

也称无主栅技术。瑞士 Meyer Burger 公司利用所谓

的 “Smart Wire Connection Technology” (SWCT) 技

术 [25]，将一层内嵌铜线的聚合物薄膜覆盖在异质结电

池正面，这层薄膜内嵌的铜线表面镀有低熔点金属，

可在组件层压过程中，依靠层压机的压力和温度使得

铜线和丝网印刷的细栅线直接结合在一起。金属线的

材料目前多为铜线，代替银主栅，节省了材料成本。

无主栅技术能够提升电池的效率，瑞士 Meyer Burger

公司制作的 6 英寸大小的无主栅异质结电池，其效率

超过了 24%，并且正面银浆的耗量减少 ∼80%[25]。

进一步，异质结电池的金属化方案可以往无栅线

电池方向发展，即在沉积 TCO 薄膜后，不再制备金属

栅线电极，直接贴合低温合金包覆的铜丝到 TCO 上

面，通过热压促使低温合金融化，与 TCO 形成良好

的欧姆接触特性，无栅线电池示意图见图 10(c)。无栅

线技术的应用，将使太阳电池不再消耗昂贵的银浆，

大大降低成本。Levrat 等 [26] 用 InSn 合金包覆的铜丝

(InSn/Cu)与 TCO直接接触，得到了效率为 19.9%的

异质结单电池组件 (Voc = 0.734 V, Jsc = 37.3 mA/cm2,

FF = 0.74)，但是由于没有银栅线，载流子的传输和收

集能力下降，接触电阻变大，导致无栅线电池组件的

填充因子降低，限制了性能的进一步提升。我们近期

采用聚合物包覆的铜线 (C/Cu) 直接焊接到背结 SHJ

电池的 TCO 层上，获得了效率超过 22% 的异质结电

池 [27]，展现出实用化的前景。直接 C/Cu 金属化的背

结异质结电池的结构和性能见图 11。

采用丝网印刷技术制作 SHJ 电池的电极，银浆的

消耗量远比常规晶体硅电池大，因为 SHJ 电池的上

下电极均需要使用银浆。另外，SHJ 电池需使用可在

低温下烧结的银浆，即低温银浆。为保证导电性，其

银含量高于常规电池使用的高温银浆。低温银浆的高

耗量和高成本成为制约 SHJ 电池成本降低的主要因

素之一。因此，降低低温银浆耗量，用其它金属代替

银应用于 SHJ 电池的电极一直是产业的目标。除使用

上述基于铜线的无主栅和无栅线技术外，开发能代替
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李正平等: 硅基异质结太阳电池新进展 9

图 11. C/Cu 丝直接金属化无栅线背结异质结电池的 (a) 结构示意图，(b) 实物照片和 (c) J-V 曲线 [27]。

图 12. (a) 硅异质结电池在 a-Si:H(p) 一侧的能带图。TCO 为简并半导体，图中给出的是 TCO 的导带位置，实验中 [27]

使用的 TCO 材料为 In2O3:W (IWO)，其禁带宽度 Eg 约为 3.8 eV。 (b) TCO 的功函数、方块电阻 (Rsheet,TCO)，TCO

和 a-Si:H(p) 的接触电阻 (RTCO/a−Si:H(p)) 随氧气分压的变化
[27]。

银浆的导电浆料也是实现目标的方法之一。这其中金

属铜的导电性仅次于银，但是价格仅为银的 1/100，

因此铜浆受到关注 [28]，但是铜浆受限于其相对较差

的可印刷性及更高的体电阻率，还没有在太阳电池中

大量应用。另一种方法是采用铜电镀技术实现 SHJ

电池的金属化。日本 Kaneka 公司和比利时 IMEC 合

作 [29]，将铜电镀技术应用于 SHJ 电池的正面栅线制

作，实现了高效铜电镀电极的异质结电池，效率达到

了 23.5%。 其后，Kaneka 公司创造晶体硅电池效率世

界纪录 (26.6%) 的背接触异质结电池也采用了铜电镀

电极 [30]。Silevo公司（后被 Solarcity收购）采用电镀

铜电极，也实现了效率 > 23% 的 6 英寸隧道氧化物异

质结电池 [31]。电镀铜电极在导电性、电极高宽比、栅

线设计等方面相比丝网印刷低温银浆有明显的优势。

然而，电镀铜金属化工艺更复杂，铜电镀液的处理和

排放也会带来一定环境问题。

III. 异质结太阳电池的新技术进展

除了工艺技术方面的进展，近年来针对 SHJ 电池

也融合了光伏电池领域内正在发展的新技术，本部分

将论述背面结、载流子选择性钝化接触技术与硅异质

结电池的结合，同时介绍薄型硅异质结太阳电池的研

究。

A. 背背背面面面结结结硅硅硅异异异质质质结结结电电电池池池

对硅异质结电池的研究，大部分工作集中于正面

结结构，即入光面是 a-Si:H(p) 发射极一侧，目前报道

的最高效率 25.1% 也是在正面结结构上取得的 [5]。 然

而，正面结硅异质结电池对 a-Si:H(p) 和正面 TCO 的

要求很高。a-Si:H(p) 需要平衡钝化，寄生电阻和寄生

光吸收的矛盾。较强的钝化通常需要较高的掺杂浓度

和厚度，较小的寄生电阻则要求较小的厚度，而为了

抑制寄生光吸收，则要求较小的掺杂浓度和厚度。正

面 TCO 需兼具高电导率和高透光率，高电导率可通过

提高 TCO 的载流子浓度和迁移率实现，而较高的载流

子浓度会产生较大的自由载流子光吸收，要求 TCO 必

须具备较高的迁移率，限制了材料选择。另外，TCO

和 a-Si:H(p) 之间的接触电阻（RTCO/a−Si:H(p)）对电

池串联电阻（Rs）的贡献较大，必须有效控制
[32]。上

9



10 李正平等: 硅基异质结太阳电池新进展

图 13. 硅异质结电池结构示意图及在电池最大功率点 (MPP) 的电流密度分布模拟： (a, b) 正面结结构，(c, d) 背面结结
构；(e) 实验得到的正面结 (FE) 和背面结 (RE) 硅异质结电池的 FF 随正面栅线间距 (pitch) 和 TCO 沉积气氛中氧含量的

变化；(f) 不同氧含量下，TCO 光吸收率及方块电阻的变化 [33]。

图 14. (a) a-Si:H(n) 和 a-Si:H(p) 的消光系数谱图；(b-e) 背面结硅异质结电池各项参数 (Jsc、Voc、FF 和 Eff ) 随 a-Si:H(n)

层沉积时间的变化 [27]。

述原因使制备高效率正面结硅异质结电池的工艺窗口

较窄，不利于实际生产控制。

将 a-Si:H(p) 置于电池背面，形成背面结硅异质

结电池，能很大程度解决正面结电池在设计优化上的

问题。首先，a-Si:H(p) 的掺杂和厚度不再受寄生光

吸收的限制，只需要平衡钝化和寄生电阻。其次，如

图 12(a) 所示，TCO 和 a-Si:H(p) 接触形成的势垒会

阻碍空穴的传输，产生较大的 RTCO/a−Si:H(p)。实验

发现 [25]，可以通过调控 TCO 沉积过程的氧分压，提

高 TCO 的功函数，使 TCO 和 a-Si:H(p) 的接触势垒

10



李正平等: 硅基异质结太阳电池新进展 11

降低，从而减小 RTCO/a−Si:H(p) （见图 12(b)）。同

时，发现 TCO 的方块电阻 (Rsheet,TCO) 随氧分压的

增大而增大，其对 Rs 的贡献也会相应增大。如采用正

面结结构，RTCO/a−Si:H(p) 的减小会被 Rsheet,TCO 增

大的效应所补偿，不能有效降低 Rs。而采用背面结

结构，因背面设计的栅线数目通常为正面数目的 2∼3

倍，可有效抑制 Rsheet,TCO 对 Rs 的贡献，从而可通

过提高氧分压，降低 Rs。第三，TCO 通常是 n 型导

电材料，和硅基底的导电类型相同。与正面结电池不

同，背面结电池中电子的横向传输可以由 TCO 层扩展

到硅基底内（见图 13(a)、13(c)），降低传输过程引致

的电阻损失。与此对应，背面结电池在最大功率点的

电流密度更高（如图 13(b)、13(d)），意味着背面结

电池可以获得更高的 FF。 图 13(e) 显示了实验得到

的正面结（FE）和背面结（RE）硅异质结电池的 FF

图 15. 模拟得到的正面结 (FE) 和背面结 (RE) 硅异质结
电池性能随硅基底缺陷密度（Ntr）和缺陷能级（Etr）的变
化。0.1 eV, 0.2 eV, 0.6 eV 分别代表 Etr 在导带能级（Ec）
下 0.1 eV, 0.2 eV 和 0.6 eV，即 Etr = Ec − 0.1 eV, 0.2 eV,
0.6 eV [33]。

随正面栅线间距（pitch）和 TCO 沉积气氛中氧含量

（对应氧分压）的变化情况 [31]。 可见，在同等条件

下，背面结电池的 FF 要高于正面结电池，其对栅线

间距和 TCO 导电性的要求相对降低。如图 13(f) 所

示，随 TCO 沉积气氛中氧含量的增大，TCO 的方块

电阻增大，对光的吸收率降低。这是由于 TCO 中氧

空位的掺杂下降，载流子浓度降低所致。综合上述结

果，对于背面结电池，因其对正面 TCO 导电性的要求

降低，从而可通过提高 TCO 沉积气氛的氧含量，一定

程度上抑制 TCO 的光吸收，提高电池的 Jsc 和效率。

背面结硅异质结电池中，a-Si:H(n) 是受光面。如

图 14(a) 所示，实验发现 [27] a-Si:H(n) 的消光系数要

大于 a-Si:H(p)，也即在相同厚度下，a-Si:H(n) 的寄生

光吸收大于 a-Si:H(p)，对电池 Jsc 的影响更显著，这

可认为是背面结硅异质结电池的一个劣势。实际中，

可以通过降低 a-Si:H(n) 层的厚度，达到提高电池 Jsc

的目的。图 14(b-d) 显示了背面结硅异质结电池各项参

数随 a-Si:H(n) 层沉积时间的变化。可见，在一定范围

内降低 a-Si:H(n) 层的沉积时间（如由 25 s→15 s），

电池的 Voc 和 FF 可基本保持不变，而电池的 Jsc 逐

步提高，从而使电池的效率得到提高。

一般而言，背面结电池对硅基底的要求高于正

面结电池。因为在正面产生的载流子需要扩散到电

池背面被分离收集，要求载流子具有更大的扩散长

度。Bivour 等 [33] 等采用理论模拟的方法，研究了

硅基底质量对正面结和背面结硅异质结电池性能的

影响。硅基底质量通过缺陷密度（Ntr）和缺陷能级

（Etr = Ec−0.1 eV, 0.2 eV, 0.6 eV）表征。Ntr 越大，

能级越靠近禁带中央（如 Etr = Ec−0.6 eV），缺陷复

合越严重，硅基底质量越差。如图 15 所示，对于质量

很差的硅基底（如 Ntr > 2×1010 cm−3, Etr = Ec − 0.6

eV），受基底复合的影响，背面结结构的 Jsc 和效

率显著低于正面结结构。而对于质量较好的硅基底，

背面结结构的效率要略高于正面结结构，主要由于前

者具有较高的 FF。同时，无论是正面结结构还是背

面结结构，电池 Voc 和 FF 对硅基底质量的变化更

敏感，也即电池在开路状态（对应 Voc）和最大功率

点（对应 FF）对硅基底的要求均高于短路状态（对

应 Jsc）。这是因为硅异质结电池具备非常好的界面钝

化，在开路和最大功率状态下，允许硅基底在接近其

本征复合的状态下工作。因而，要获得很高的效率，

无论是背面结结构还是正面结结构，都要求高质量的

硅基底。在此情况下，载流子有足够长的扩散长度扩

11



12 李正平等: 硅基异质结太阳电池新进展

图 16. (a) 太阳电池中的载流子选择性接触；(b) 异质结电池中的载流子选择性钝化接触。

散到电池背面被有效收集。因而，对高效异质结电池

而言，背面结结构对硅基底质量的要求并不高于正面

结结构。

综上，与正面结结构相比，背面结硅异质结电池

在设计优化上面临的限制更少。由于电子的横向传输

可扩展到硅基底，同等条件下可获得更高的 FF。 为

获得高效率，对硅基底亦没有更高的要求，是一种更

适合量产的硅异质结电池结构。

B. 载载载流流流子子子选选选择择择性性性钝钝钝化化化接接接触触触硅硅硅异异异质质质结结结电电电池池池

太阳电池的工作机制涉及载流子的产生、分离和

输运三个过程。其中载流子的分离通常被认为由电池

器件的内建电场完成，但 Würfel 等 [34] 的工作说明

载流子的分离本质上是依赖于载流子选择性接触的存

在，而内建电场只是形成某种载流子选择性接触的结

果；理论上可以构筑无内建电场的太阳电池器件。如

图 16(a) 所示，载流子选择性接触是允许一种载流子

通过，而对另一种载流子传输有阻碍作用的结构，具

体表现在其对一种载流子的电导率远远大于另一种载

流子的电导率。

在常规硅同质结太阳电池中，电子和空穴选择性

接触由对硅吸收层（硅基底）两侧实施 n 型和 p 型掺

杂实现。而在载流子需要导出器件的局部，不可避免

地使用金属和硅的直接接触，该接触具有很大的复合

（反向饱和电流密度 J0 = 103 − 105 fA/cm2）[35,36]，

即使将接触面积控制在较小的比例（如 < 10%），也

将成为提高电池开路电压和效率的瓶颈。就此，硅异

质结电池展示了另一种可能，如图 16(b)，n 型和 p 型

掺杂氢化非晶硅（a-Si:H(n), a-Si:H(p)）使 n 型硅基

底两侧形成积累层和反型层，实现载流子的选择性接

触。但掺杂氢化非晶硅和晶体硅若直接接触，则界面

缺陷很高，难以有效抑制界面复合。在掺杂氢化非晶

硅和硅基底之间引入本征氢化非晶硅 a-Si:H(i)，能很

好地钝化硅表面，且载流子可以通过隧穿或跳跃传导

(hopping) 的机制通过 a-Si:H(i) 而不引致很大的接触

电阻，从而避免了金属和硅的直接接触，极大地降低

了电池的复合 (J0 < 10 fA/cm2)。正是因为异质结电

池具备上述的选择性钝化接触特性，其最高开路电压

可达 750 mV [4]，最高效率达 25.1% [5]。

异质结电池的成功，激发了科学界对选择性钝

化接触的研究热情。2014 年，德国 Fraunhofer 太阳

能系统研究所提出隧穿氧化钝化接触 (Tunnel Ox-

ide Passivated Contacts, TOPCon) 的概念 [37−42]。如

图 17 所示，该结构使用磷掺杂硅薄膜和超薄 (< 2

nm) SiOx 叠层形成电子选择性钝化接触。以 n 型 FZ

单晶硅为衬底，正面以成熟常规工艺制备钝化发射

极，背面使用 TOPCon 结构 (J0 = 7 fA/cm2)，在

4 cm2 电池上获得了 24.4% 的效率 (Voc = 715.1 mV,

Jsc = 41.5 mA/cm2, FF = 82.1%) [37,38]。经分析，

该电池效率受限于正面发射极，尤其是正面金属/硅

接触处的复合。在此基础上，通过优化正面发射极

（如使用选择性发射极），逐步将电池效率提高到

25.1% (Voc = 718 mV, Jsc = 42.1 mA/cm2, FF =

0.832) [39] 和 25.7% (Voc = 724.9 mV, Jsc = 42.5 mA/

cm2, FF = 0.833) [42]。此外，TOPCon 结构可承受高

温过程 (∼900◦C)，使其兼容高温金属化工艺，具有较

好的产业化前景。

研究发现，除掺杂硅薄膜材料和晶体硅形成的异

质结可作为选择性接触外，使用一些具有较低 (< 4.0

12
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图 17. TOPCon 太阳电池的发展：电池结构和量子效率曲线。(a)、(a’) n 型 TOPCon 电池的结构与量子效率、反射率曲

线 [39]；(b)、(b’) 采用 p 型硅片实现正反两面选择性钝化接触的设计，正反两面直接化学生长 1.4 nm 氧化层，分别沉积 15
nm 掺磷和掺硼的非晶硅，之后退火，由于退火温度的不同非晶硅并未结晶为多晶硅，而是达到了类似薄膜硅电池中的微晶硅
形态 [40]；(c)、(c’) 进一步优化 TOPCon 电池，优化后的电池实现了最高 25.7% 的效率 [42]。

图 18. 较低 (a) 和较高 (b) 功函数材料与晶体硅构成的异质结的能带图，此类异质结也可具有载流子选择性接触的功能。

eV) 或较高 (> 5.2 eV) 功函数材料与晶体硅构成的

异质结，可使晶体硅表面能带发生弯曲，形成具有

不对称载流子电导率的区域，从而也可以实现选择

性接触的功能（如图 18 所示）。具有电子选择性接

触功能的材料主要有 TiOx、MgOx 等金属氧化物以

及 LiFx、MgFx 等金属卤化物
[43]，这些材料通常也称

作电子传输层材料。具有空穴选择性接触功能的材料

主要有 MoOx、WOx、VOx 等金属氧化物以及有机半

导体材料如 PEDOT: PSS[45,45]，这些材料通常也称作

空穴传输层材料。进而，在电子（空穴）传输层材料

和晶体硅之间引入非晶硅或氧化硅钝化硅表面，可形

成电子（空穴）选择性钝化接触。

类似于上述 TOPCon电池，Yang等人 [46,47] 使用

TiO2/SiO2 作为电子选择性钝化接触（如图 19(a)），

13



14 李正平等: 硅基异质结太阳电池新进展

图 19. (a) TiO2/SiO2 电子选择性钝化接触电池（类似

于 TOPCon）结构示意图 [47] 和 (b) MoOx 代替 a-Si:H(p)

的新型异质结电池结构示意图 [49]。

在 4 cm2 电池上取得了 22.1%的效率。而如图 19(b)，

美国加州伯克利大学的 Battaglia 等人 [48] 和瑞

士 EPFL 合作使用 MoOx 代替异质结电池中的 a-

Si:H(p)，制备了新型异质结电池，初始效率为

18.8%，后在短时间内提高到 22.5% [49]。因 MoOx

禁带宽度大，其对光的吸收小，该电池的 Jsc 较参比

异质结电池有近 1% 的提高；但同时发现在 130 ◦C

以上，MoOx 将会和 TCO 材料发生反应，生成界面

层阻碍空穴的传输，进而使电池的 FF 显著下降。因

而，MoOx 等选择性接触材料的稳定性是一个需要关

注的问题。澳大利亚国立大学的 Bullock 等人 [48] 尝试

用 MoOx 和 LiFx 分别替代异质结电池中的 a-Si:H(p)

和 a-Si:H(n)，制备了所谓的无掺杂非对称异质结电

池 (dopant-free asymmetric heterocontacts, DSAH)，

得到 19.4% 的效率（见图 20），但该类新型异质结电

池的效率尚待提高。

图 20. (a) DSAH 电池的截面 SEM 图，(b) DSAH 电池的

结构示意图及光照 J-V 曲线 [50]。

TOPCon 电池已具备了较好的电子选择性接触，

但尚缺少空穴选择性接触，电池的发射极仍使用扩散

结而不能完全避免金属–硅接触。Feldmann 等人 [38]

尝试使用超薄 SiOx 和硼掺杂硅薄膜的叠层结构作为空

穴选择性接触（图 17(b)），但未获得好的效果，采用

该叠层双面钝化器件的隐开路电压 (implied Voc, iVoc)

仅为 680 mV。而对于较低 (< 4.0 eV) 或较高 (> 5.2

eV) 功函数的氧化物等材料作为电子（空穴）选择性

接触的器件，其长期稳定性需待研究提高。

C. 薄薄薄型型型硅硅硅异异异质质质结结结电电电池池池

除了改进工艺技术和使用新技术提高硅异质结电

池的转换效率，硅异质结电池的成本是其能否获得

规模推广的关键。硅片的成本在很大程度上决定着硅

异质结电池的成本，因此使用薄型硅片有利于降低异

质结电池的价格。由于 SHJ 电池的对称结构及其低

温工艺，减小了制造过程中的机械应力和热应力，因

此 SHJ 电池更适合使用薄型硅片。

使用薄型硅片制作 SHJ 电池，一方面由于减少了

硅材料的消耗量有利于降低成本，另一方面也会对电

池的性能产生一定的影响。1）SHJ 电池的开路电压随

硅片厚度减小而增加。这是由于 SHJ 电池优异的钝化

性能，其表面复合速度可低至 4 cm · s−1，理论计算和

14
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图 21. 硅片厚度与 SHJ 电池的性能参数趋势 [53]。

实验都表明当电池的表面复合速度小于 100 cm · s−1

时，电池的 Voc 随硅片厚度减小反而增大
[49,50]。 迄

今最高 Voc（750 mV）的 SHJ 电池就是用 98 µm 厚

的硅片制作的 [4]。2）SHJ 电池的短路电流随硅片厚度

减小而减小。因为硅是间接带隙半导体材料，在近红

外区的吸收系数较低，近红外波长的光穿透薄型硅片

而不会被吸收，造成电池短路电流的下降。因此，需

要优化硅片的表面制绒技术以减少光反射损失，同时

减小 SHJ 电池中 a-Si:H 薄膜和 TCO 薄膜的光吸收，

尽量将硅片减薄对电池 Isc 的影响降到最低。图 21 是

硅片厚度与 SHJ 电池各性能参数的关系 [51]。从中可

见，以 180 µm 硅片制作的 SHJ 电池为基准，即使硅

片厚度降到 120 µm，其转换效率基本相当。日本松下

公司在近些年重点研发了厚度小于 100 µm 的 SHJ 电

池 [5,51,52]，都获得了较高效率的 SHJ 电池，并且电

池变薄以后还具有一定的柔性，在一定范围内可以弯

曲。

超薄 (< 50 µm) 晶体硅太阳电池的研究一直受到

重视。已经报道过许多种薄硅技术，大体可以分为两

类，一种是需要其他衬底（如玻璃、不锈钢）支撑的

薄型硅，如在衬底上沉积或再晶化多晶硅薄膜或非晶

硅薄膜 [54]、 在多孔硅上外延生长硅薄层并转移到衬

底上 [55,56]；另一种是不需其他衬底支撑的薄型硅，如

在多孔硅上外延生长硅薄层并层转移的独立薄硅 [57]、

商业硅片的机械或化学减薄获得的薄型硅 [58,59]。从制

作薄型晶体硅电池的情况来看，吸收层厚度在 40∼50

µm 的电池效率可达 20% 以上 [56,58]，而吸收层厚度

在 20 µm 以下的电池效率还普遍较低。因此，可以认

为，未来要使超薄硅电池能够实现产业应用，硅吸收

层的厚度不应低于 20 µm，否则制备出的电池效率过

低而没有商业意义。然而现有 SHJ 电池的制绒工艺

形成的是微米金字塔陷光结构，需要刻蚀几微米的硅

片厚度。如果使用超薄硅制作超薄硅 SHJ 电池，为保

证吸收层的厚度，微米金字塔制绒技术可能不再适合

制作超薄 SHJ 电池的陷光结构。相反，纳米结构硅表

面制绒仅消耗很少的硅片厚度，可以获得有效减少表

面反射的陷光结构，可以应用于超薄硅电池的制作。

我们使用化学减薄获得厚度为 30 µm 的超薄硅片，

并用一种简单、经济的“全溶液” (all-solution) 方法

在超薄硅片表面形成随机硅纳米金字塔陷光结构，

实验证实随机硅纳米金字塔陷光效果大大优于平面硅

表面，甚至可以达到接近于 Lambertian 极限的陷光

效果 [60]，展现出应用于超薄 SHJ 电池制绒的应用前

景。

IV. 更高效率的硅基异质结太阳电池进展

虽然针对硅基异质结电池的工艺提升和技术改

进，使得硅异质结电池获得了较高的转换效率，但是

硅基异质结电池与其他结构的太阳电池技术相融合，

有可能获得更高效率的太阳电池。如与叉指式背接触

15
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图 22. IBC-SHJ太阳电池的发展历程。(a)、(a’) 2007年 Lu等首先提出 IBC-SHJ电池，电池的转换效率还比较低 (11.8%)，

但是证明了 IBC-SHJ 电池的可行性 [61]；(b)、(b’) Sharp 公司 [63] 研发的效率为 25.1% 的小面积 IBC-SHJ 电池；(c)、(c’)

松下研发的大面积效率为 25.6% 的 IBC-SHJ 电池 [64]；(d)、(d’) Kaneka 公司研发的 IBC-SHJ 电池，打破单结晶硅电池世

界纪录，效率达 26.6%[30]。

(IBC) 太阳电池技术相结合，形成所谓的 IBC-SHJ 太

阳电池，能最大程度优化电池正面结构的钝化性能和

光学性能，获得更高的效率；与时下最热门的钙钛矿

太阳电池技术相结合，形成钙钛矿/晶体硅叠层太阳电

池，利用不同带隙的材料吸收不同能量的光子，有望

突破单结硅太阳电池的效率极限。本小节将综述以硅

基异质结太阳电池为基础的新结构电池研究进展。

A. IBC-SHJ 太太太阳阳阳电电电池池池研研研究究究进进进展展展

尽管硅异质结太阳电池目前获得了较高的转换效

率，但是这种双面异质结结构的太阳电池仍然受限于

前表面的光吸收和反射，电池短路电流密度的提升受

到限制。而叉指式背接触太阳电池的 p-n 结和金属接

触都放在电池的背面，因此能最大程度优化电池正面

结构的钝化性能和光学性能。IBC 和 SHJ 两种已经实

现量产的高效硅基太阳电池，近年来有结合的趋势，

将 IBC技术应用于 SHJ电池而得到的新结构 IBC-SHJ

太阳电池，见图 22。相比于 SHJ电池，IBC-SHJ电池

的特点在于，在电池背面形成叉指式分布的 a-Si:H(n)

层和 a-Si:H(p) 层，并用丝网印刷或电镀工艺制备正

负电极；由于避免了前电极的光学遮阴，可以最大程

度优化电池前表面光学性质，同时，载流子只需往下

输运到达电池背电极，可以取消前表面本身有寄生光

吸收的 TCO 膜的使用，由此消除了前表面 TCO 和

a-Si:H(p) 的接触而带来的接触电阻,从而可以提高 Jsc

和 FF。

自 2007 年出现 IBC-SHJ 电池的报道以来 [61]，

理论模拟和实验研究都表明 IBC-SHJ 电池有获得高效

率的潜力。在实验研究中，韩国 LG 公司 [62] 在 2012

年报道获得了效率为 23.4% 的小面积 (4 cm2) IBC-

SHJ 太阳电池；2014 年日本 Sharp 公司 [63] 报道了效

率达 25.1% 的小面积 (3.72 cm2) IBC-SHJ 电池；同

在 2014 年日本 Panasonic 公司 [64] 宣布制作出大面积

(143.7 cm2) 效率达到 25.6% 的 IBC-SHJ 电池；日本

Kaneka 公司 [30] 在 2017 年发表了大面积 (180.4 cm2)

效率高达 26.33% (Voc = 0.744 V, Jsc = 42.3 mA/cm2,

FF = 0.838) 的 IBC-SHJ 电池，其后效率进一步提升

至 26.63%，这是硅基电池效率首次突破 26%，创造

了硅基太阳电池效率的新世界纪录。无疑，这些高效

的 IBC-SHJ 电池既保持了良好的界面钝化（体现在较

高的 Voc），又结合了正面无遮光损失（体现在较高

的 Jsc），完美地将 SHJ 电池和 IBC 电池的优势整合

在一起，因而实现了高效率。

IBC-SHJ 电池的效率受到前表面钝化性能、背表

面钝化性能、背面几何尺寸（发射极宽带、背场宽

度以及两者之间的距离）和硅片本身性能等诸多因

素的影响，虽然 IBC-SHJ 电池的转换效率有了很大

提升，但工艺复杂，材料成本较高，不利于产业化

推广，未来的发展方向是在保持高效率的前提下，

如何降低工艺难度和减少材料制备成本。针对降低

工艺难度，Ballif 等 [65] 做了有益的尝试，提出隧穿

结 IBC-SHJ 电池结构。首先在 a-Si:H(i) 钝化的电

池背面形成叉指式分布的 a-Si:H(n) 层，再形成全面

积 a-Si:H(p) 层，电子依靠 a-Si:H(n)/a-Si:H(p) 隧穿

结导出，从而减少一步制备 IBC-SHJ 电池的对准工

16
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图 23. (a) 单结和 (b) 多结太阳电池光吸收的机理解释；(c) 四端机械堆积结构和 (d) 两端叠层钙钛矿晶体硅叠层太阳电池的

图解 [69]。

艺。小面积 (24.97 cm2) 隧穿结 IBC-SHJ 电池效率

目前达到 24.8%[66]。2018 年 Sharp 公司 [67] 报道了

效率达 25.09% 的全尺寸（6 英寸）IBC-SHJ 电池，

为 IBC-SHJ 电池的产业化带来希望。

B. 钙钙钙钛钛钛矿矿矿/硅硅硅异异异质质质结结结叠叠叠层层层太太太阳阳阳电电电池池池研研研究究究进进进展展展

如上节所述，近年来以叉指式背接触硅异质

结电池为代表的硅基太阳电池实验室认证效率已

经达到了 26.6%[30]，考虑到晶体硅的理论效率极

限 29.4%[68]，在硅基太阳电池领域如今仅剩边缘性

的优化可以进一步提升效率。硅基单结电池的效率极

限主要受限于由于高能电子热损失所造成的本征损失

以及俄歇复合 [69]。最有效的减少本征损失的方法是利

用不同带隙的材料吸收不同能量的光子，从而有效的

减少热损失，如图 23(a) 和 23(b)。基于此出发点，多

结电池技术作为有望突破单结效率极限的新兴技术，

逐渐成为科研攻克的热点。

多结电池是指由不同带隙的材料形成的多个 p-n

结通过串联而成的太阳电池（也称叠层电池）。在

共用同一束入射光的情况下，不同材料的 p-n 结吸

收不同波长的光，从而拓宽了吸收光谱，减少了本征

损失，提高了电池的整体输出特性。叠层电池根据其

结构分为四端叠层电池（物理堆叠）和两端叠层电池

（化学键合）[69]，如图 23(c) 和 23(d)。 相比于四端

叠层电池，两端叠层电池由于其结构简单、成本更低

廉、沉积工艺更少，而被认为是更有产业应用价值的

技术 [70]。作为两端叠层电池中的一员，钙钛矿/硅异

质结两端叠层太阳电池因为理论极限效率高，可通过

调制透明导电层便捷地实现均匀分光 [71]，并且钙钛

矿电池和硅异质结电池有众多优势，成为目前该领域

中最热门的研究课题。钙钛矿材料由于具备很高的吸

收系数、很陡峭的吸收边及可调带隙范围宽的优点，

是十分理想的光电材料 [69,70]。与硅 1.1 eV 的带隙相

比，钙钛矿材料带隙在 1.5∼2.3 eV 之间可调，是合适

的顶电池材料。其次，作为顶电池透光性是必须考虑

的一点，常规钙钛矿电池厚度小于 1 µm，对于长波基

本可以认为不吸收，可以有效地实现均匀分光。

国际上很多研究单位都在不断进行钙钛矿晶体

硅两端叠层电池的研发。2014 年底，麻省理工学院

的 Mailoa 等 [72] 通过使用银纳米线作为透明电极制备

了第一块钙钛矿晶体硅两端叠层电池。通过使用介孔

结构的甲氨铅碘（带隙 1.51 eV）钙钛矿电池作为顶电

池和带有隧穿结的硅同质结太阳电池作为底电池，实

现了 13.7% 的转换效率（面积 1 cm2），如图 24(a)。

顶底电池间的隧穿结实现了载流子的复合，但是载流

子传输层强烈的寄生吸收限制了电池的性能。因此，

在 2015年底，亥姆霍兹实验室的 Albrecht等 [73] 使用

硅异质结电池作为底电池，同时使用原子层沉积制备

的二氧化锡电子传输层优化了界面接触和复合，提高

对近红外光谱的响应，实现了 18.1% 的转换效率（面

积 16 mm2）。2016 年来自瑞士洛桑理工的 Ballif 研

究组 [74] 通过在硅异质结电池背表面引入绒面顺利地

将效率提升到了 21.2% （面积 1.43 cm2），电池结构
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图 24. 钙钛矿/晶体硅两端叠层太阳电池的实验研究进展。(a)、(a’) 介孔结构钙钛矿/硅同质结两端叠层太阳电池的结构

和 J-V 曲线 [72]；(b)、(b’) 正式结构甲胺铅碘钙钛矿/硅异质结两端叠层太阳电池的结构和 J-V 曲线 [74]；(c)、(c’) 倒式结

构钙钛矿/硅异质结两端叠层太阳电池的结构和 J-V 曲线 [76]；(d)、(d’) 前后表面均制绒的钙钛矿/硅异质结两端叠层太阳电

池的结构和 J-V 曲线 [80]。

如图 24(b)。2017 年，澳大利亚国立大学 Weber 研究

组 [75] 通过介孔结构钙钛矿电池和钝化发射极背接触硅

基太阳电池叠层，同时在前表面覆盖制绒的有机硅箔

(silicone foil)来减少反射，实现了效率达到 22.8%的两

端叠层电池（面积 1 cm2）。然而上述研究采用的 1.51

eV 带隙甲胺铅碘钙钛矿材料对于光谱匹配而言，并不

是最佳的。2017 年，美国斯坦福大学 McGehee 研究

组 [76] 通过使用 1.63 eV 带隙的铯、甲脒、溴和碘四

元共掺杂钙钛矿材料并且优化了透明导电电极，同时

在硅异质结电池 n 面制备倒式结构的钙钛矿电池，成

功避免了空穴传输层在短波区域强烈的寄生吸收，最

终实现了到钙钛矿/晶体硅叠层电池 23.6% 的转换效率

（面积 1 cm2），电池结构如图 24(c)。

但是上述钙钛矿/硅异质结两端叠层电池的短路

电流仍然有很大的提升空间。相应损失主要体现在

前表面反射损失、透明电极寄生吸收损失、载流子

传输层损失和成膜质量四个方面。前表面反射损失在

所有损失中占主要部分，可以通过引入绒面来大幅度

减小，主要有前表面贴制绒膜和绒面制备叠层两种途

径 [77,78]。透明电极损失可以通过调节掺杂浓度和筛

选吸收系数更低的材料来实现 [79]。电子/空穴传输层

的损失需要通过合适的制备方法和材料选择来优化。

在成膜质量方面，尝试利用新制备方法来提高成膜质

量是完全可行的方法。为了进一步优化钙钛矿晶硅两

端叠层电池，应该致力于发展在前后表面制绒的硅片

上均匀沉积技术 [77]，以充分陷光提高光学性能 [79]。

令人振奋的是，2018 年 Ballif 研究组 [80] 正是通过在

硅异质结电池正面引入微米金字塔绒面，中间引入氢

化纳米硅 (nc-Si:H) 复合结来代替 TCO 层，同时改

进钙钛矿气相沉积工艺，实现了 25.2% 的转换效率

（面积 1.42 cm2），电池结构如图 24(d)。随后，英

国 Oxford PV 公司 [81] 宣布研发出效率高达 28% 的钙

钛矿/晶体硅叠层太阳电池（面积 1 cm2），该效率突

破了单结晶体硅太阳电池效率 26.6%[30] 的纪录。这些

最新研究成果表明，钙钛矿/硅异质结太阳电池的效率

有可能超过单结晶体硅电池的效率极限，未来 30% 以

上效率的钙钛矿/硅异质结电池也是有可能实现的。

尽管钙钛矿/硅异质结两端叠层电池已经获得了较

高的效率，但是所得的电池普尺寸遍较小（1 cm2 左

右）。因此，大面积钙钛矿/硅异质结叠层电池的制
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备、器件稳定性以及成本控制是其商业化应用之前必

须攻克的难题。同时，新工艺技术的应用应该尽可能

与产线工艺兼容，使得在产线技术基础上进一步提升

太阳电池转换效率成为可能。钙钛矿/硅异质结两端叠

层电池作为新兴的技术，尽管仍然有很多问题亟待解

决，但是相信在不久的将来钙钛矿/硅异质结叠层太阳

电池技术将会带来持续不断的惊喜。

V. 结语

光伏技术日新月异，硅异质结太阳电池成为大家

关注的焦点。当前量产的晶体硅异质结太阳电池的转

换效率已达 ∼23%，进一步的发展是如何在现有工艺

条件下获得更高光电转换效率、更具经济性的硅异质

结电池。针对 SHJ 电池的清洗制绒、非晶硅薄膜沉

积、TCO 薄膜沉积和金属化电极制作四个主要生产工

序，本文总结了近几年 SHJ 电池制造工艺技术在这方

面的进展。认为：臭氧清洗工艺能够获得高洁净度的

硅片表面和合适的金字塔形貌，以 O3 代替 RCA 工艺

中的 NH4OH 和 H2O2，节省了化学品用量，是可以推

广的一种硅片清洗技术；而 HWCVD 沉积非晶硅薄膜

技术具有气体利用率高、对硅基底无等离子体轰击、

产能大等特点，但是热丝的寿命和开机率是需要平衡

的问题；RPD 是一种低损伤的 TCO 薄膜沉积方法，

有利于获得高效率的 SHJ 电池；SHJ 电池对 TCO 薄

膜的要求是高透过率和高载流子迁移率，为此用其他

金属氧化物，如 Zn、Ti、Zr、Mo 和 W 的氧化物和氢

对 In2O3 掺杂，可以实现这个目的，同时通过电池结

构的设计等综合手段，用 AZO等低成本材料取代 ITO

作为 TCO 薄膜，有利于降低电池成本；多主栅、无主

栅、无栅线等新型金属化技术在 SHJ 电池上开始得到

尝试，未来应该是降低 SHJ 电池成本的重要手段。薄

型 SHJ 技术的应用推动异质结电池成本的降低，未来

厚度为 100 µm 左右的 SHJ 电池可能会成为主流。

为进一步提升 SHJ 电池的效率，可通过背面结、

载流子选择性钝化接触等新技术推动硅异质结电池的

转换效率向 ∼25% 进发。而 IBC-SHJ 电池结合了异质

结和背接触两种结构的优势，既能保证良好的钝化性

能从而获得较高的开路电压，同时正面金属栅线的移

除，使电池能吸收更多的光子，提高短路电流，从而

使转换效率最大化。由此，IBC-SHJ 电池获得了创造

纪录 (26.6%) 的单结晶体硅电池，未来可能是转换效

率 25∼27% 以上的量产晶体硅电池的基础。

钙钛矿/硅异质结两端叠层太阳电池目前效率已

达 28%。钙钛矿/硅异质结叠层电池相关工艺与现有硅

异质结产线工艺可以完美衔接，能充分发挥现有技术

工艺的优势。以高效硅异质结相关电池为基础，同时

结合钙钛矿电池的短波优势，进一步提升顶部钙钛矿

电池各层的成膜质量，可以实现突破单结硅电池效率

极限、甚至超过 30% 效率的钙钛矿/硅异质结叠层电

池。在解决钙钛矿电池稳定性的基础上实现其叠层电

池的更高效率，将是具有发展前景的前瞻技术。

致 谢

本工作得到国家自然科学基金 (11834011、11674

225、11474201) 和上海市科技创新行动计划项目

(17DZ1201103) 的资助。作者感谢德国 Singulus 公

司的张振昊博士在臭氧清洗和上海交通大学博士生丁

东、巴理想在 IBC-SHJ、 叠层电池等方面写作的协

助。

参考文献

[1] Yablonovitch E, Gmitter T, Swanson R, et al. Appl.
Phys. Lett., 1985, 47: 1211

[2] Tanaka M, Taguchi M, Matsuyama T, et al. Jpn. J.
Appl. Phys., 1992, 31: 3518

[3] Taguchi M, Sakata H, Yoshimine Y, et al. Appl. Phys.
Lett., 2000, 8: 503

[4] Taguchi M, Yano A, Tohoda S, et al. IEEE J. Photo-
volt., 2014, 4: 96

[5] Adachi D, Hernández J L, Yamamoto K. Appl. Phys.
Lett., 2015, 107: 233506

[6] 沈文忠, 李正平. 硅基异质结太阳电池物理与器件 [M].
北京：科学出版社，2014

[7] Kern W. J. Electrochem. Soc., 1990, 137: 1887
[8] Zhang Z H, Huber M,Corda M. Energy Procedia, 2017,

130: 31
[9] Moldovn A, Fischer A, Dannenberg T, et al. Proceed-

ings of the 26th International Photovoltaic Science and
Engineering Conference, Singapore, 2016

[10] Wang Q. Thin Solid Films, 2009, 517: 3570
[11] Zheng W, Gallagher A. Thin Solid Films, 2006, 501:

21
[12] Wang Q. Meas. Sci. Technol., 2005, 16: 162
[13] Matsumura H, Higashimine K, Koyama K, et al. J. Vac.

Sci. Technol. B, 2015, 33: 031201
[14] 厚度均一性 = (面内最大厚度 − 最小厚度)/(面内最大

厚度 + 最小厚度)
[15] Knoesen D, Arendse C, Halindintwali S, et al. Thin

Solid Films, 2008, 516: 822
[16] Tanaka M, Makino H, Chikugo R, et al. J. Vac. Soc.

Jpn., 2001, 44: 435
[17] Meng F Y, Liu J N, Shen L L, et al. Front. Energy,

2017, 11: 78

19



20 李正平等: 硅基异质结太阳电池新进展

[18] Koida T, Ueno Y, Shibata H. Phys. Status Solidi A,
2018, 1700506

[19] Morales-Masis M, De Nicolas S M, Holovsky J, et al.
IEEE J. Photovolt., 2015, 5: 1340

[20] Kobayashi E, Watabe Y, Yamamoto T, et al. Solar En-
ergy Materials & Solar Cells, 2016, 149: 75

[21] Tohsophon T, Dabirian A, De Wolf S, et al. APL
Mater., 2015, 3: 116105
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New Development of Silicon Heterojunction Solar Cells
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Silicon heterojunction (SHJ) solar cells are featured by depositing amorphous silicon (a-Si:H) thin

films on the crystalline silicon (c-Si) wafers, which integrate the advantages of c-Si and a-Si:H solar

cells such as simple cell structure, low process temperature, good passivation, high open-circuit

voltages, low temperature coefficient, and bifacial characteristics. Therefore, SHJ solar cell is a

researching/developing focus for achieving high efficiency c-Si solar cells in recent years. In the

present review paper, we firstly summarize the new processes development of fabricating SHJ solar

cells, which including the cleaning of wafers by ozone (O3), the deposition of a-Si:H thin films

by hot wires chemical vapor deposition (HWCVD), the novel deposition method of transparent

conducting oxides (TCO) films and improvement in TCO materials, and the application of new

methods for metallization. Then the advanced technologies such as back junction and carrier se-

lective passivating contacts, which are combined with SHJ solar cells, are introduced in this paper,

together with the progress of thin SHJ solar cells. Further, the state-of-the-art interdigitated back

contact SHJ (IBC-SHJ) and perovskite/SHJ two terminals tandem solar cells are analyzed, which

show that the SHJ solar cell is the footstone for higher efficiency silicon-based solar cells.

Key words: Heterojunction; Silicon solar cells; Back junction; Carrier selective passivating con-

tacts; Interdigitated back contact; Perovskite/SHJ two terminals tandem solar cells
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A B S T R A C T

Black silicon (b-Si) with nanotextures is a promising light-trapping scheme for potentially achieving high con-
version efficiency at reduced manufacturing cost in crystalline-silicon solar cells. However, the inherently high
aspect-ratio and tiny feature size of the nanostructures are subject to severe surface (large surface areas) and
Auger recombination (worse doping profile). These will abate the cost values of b-Si since one has to adopt a
comprise strategy of applying shallow nanotextures with antireflection and passivation layers. Here, we show
that silicon microwire solar cells featuring well-defined radial junctions can extensively suppress both surface
and Auger recombination by providing excellent all-around electrical field. The radially doped silicon micro-
pillar devices even show an internal quantum efficiency as good as that of planar substrate and their measured
minority carrier lifetimes become nearly independent of total surface area. A great reduction in short-circuit
current density loss was further identified as the junction abruptly changed from a fully diffused to a core-shell
configuration, manifesting the powerful effectiveness of radial p-n+ junction on the suppression of Auger re-
combination. Furthermore, silicon microwire solar cell with a radial junction demonstrates 37% increase in
efficiency compared with the reference cell, suggesting a feasible strategy towards high-efficiency solar devices.

1. Introduction

Black silicon (b-Si) that employs sub-wavelength surface nano-
texturing is a very effective way of eliminating front-surface reflection
in solar cells without the need of additional antireflection coating [1,2].
In addition, b-Si can be fabricated by cost-effective methods, such as
metal-assisted etching and laser modification. So applying b-Si in Si
solar cells could be an ideal strategy to boost efficiency as well as to
reduce the manufacturing cost. However, the implementation of b-Si in
a front-junction solar cell is inherently associated with problems, i.e.,
larger parasitic surface areas, worse doping profiles (heavily diffused
throughout the entire depth of the nanotextures), leading to parallel
recombination channels in the emitter: surface and Auger recombina-
tion [3,4]. Oh et al. [5] have thoroughly examined the influences of
these two recombination channels on the performance of b-Si solar cells
and drawn two key points towards high efficiency: keeping shallow
depth and moderate doping level. Since then, these golden-rules have
always been strictly obeyed by both fundamental researchers and

industrial engineers, irrespective of the sacrifices in light-trapping
property due to the adoption of shallow nanotextures (300–400 nm)
[6]. The insufficient short-circuit current density (Jsc) resulted in un-
satisfied efficiencies of below 18%. Additional antireflection layer
(SiNx) was then still needed to boost the efficiency beyond 20%. Sub-
sequent breakthrough came from Savin et al. [7] where they demon-
strated a conformal Al2O3 coating can provide excellent chemical and
electrical passivation to the b-Si nanotextures. Relying on the ultralow
surface recombination velocity (Seff ~ 20 cm s−1) endowed by an 80 nm
Al2O3 film on a b-Si surface (dual functions with passivation and anti-
reflection), extremely high efficiency above 22% was resulted based on
an interdigitated back-contacted (IBC) cell. Nevertheless, the Auger
recombination in b-Si that was perfectly surmounted in IBC cells, is still
an unsurpassed issue in conventional front-junction solar cells where
highly-doped emitter must be formed upon the nanotextures.

In contrast to nanotextures, vertically aligned microwires with well-
defined diameters and pitches are particularly attractive for achieving
high-performance solar cells due to the excellent light-trapping property
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as well as the capability of forming radially core-shell p-n+ junctions [8].
By well adjusting the size of the microwire arrays and the parameters of
the diffusion process, a radial emitter with junction depth (~500 nm)
and sheet resistance (<100Ω sq−2) both similar to that of the state-of-
the-art planar Si solar cells could be formed [9–11]. Efficient carrier
collection and mitigated Auger recombination are therefore highly ex-
pected in the core-shell junction configuration, because of a short
pathway and a surrounding electrical field with controllable strength
[12]. Moreover, silicon microwire solar cell may offer an ideal platform
for the development of efficient solar-to-fuel device, a concept of directly
turning solar energy into storable fuel [13,14]. The unique features fa-
vorable for solar-to-fuel devices consist (1) the sidewalls of microwires
provide a large surface area for abundant loading of catalysts, (2) radial
junction geometry results in accelerated electron transport between
catalysts and silicon absorber. However, by now how the dimensions
including height, width, and pitch of microwires, associated with doping
temperatures, affect the core-shell junction geometry has not been fully
explored. A fundamental understanding of the junction depth and doping
level on the surface and Auger recombination losses has rarely been
quantified. This leads to poor control and optimization on the aspects of
the design and fabrication of radial junction silicon microwire solar cells,
hindering their applications in both photovoltaics and solar-to-fuel de-
vices since the unsatisfied efficiencies.

Actually, pencil-like Si nanotexture (nanopencil) arrays with aver-
aged reflectivity below 5% have been demonstrated by our group uti-
lizing a facile wet-chemistry fabrication scheme [15,16]. We previously
applied this nanopencil structure in b-Si solar cells, but only a poor
efficiency of ~10% was achieved because of the abovementioned re-
combination issues [17]. Relying on similar wet chemical etching
process, it is easy to fabricate micro-sized pencil (micropencil) arrays
with tunable pitch, diameter and height, rendering us a platform to
successfully construct radial junction Si solar cells and study the effects
from junction depth and geometric parameters.

In this paper, the electrical performance of radially phosphorus-
doped microwire arrays on p-type Si (p-Si) substrates was thoroughly
investigated by experiments and simulations, with the variations of
height (1–8 µm), diameter (1 and 2 µm) and junction depth (controlled
by the diffusion temperature ranging from 800 to 950 °C). We showed
that a superior radial p-n+ junction can be formed at diffusion tem-
perature of 825 °C, of which the 2.4 µm (pitch) micropillars even
showed an internal quantum efficiency (IQE) as good as that of planar
substrate. More interestingly, we found that the minority carrier life-
time becomes nearly independent of the total surface areas (changing
the micropillars depth from 1 to 8 µm) once a radial junction was
formed. As a result, the modified radial p-n+ junction solar cell ob-
tained an enhancement of up to 37% in efficiency compared with the
fully-doped reference cell. Our findings fully explored the superiorities
of radial junctions in suppressing both surface and Auger recombina-
tion, which may provide a new direction towards high-efficiency mi-
crotextured solar cells and solar-to-fuel cells.

2. Results and discussion

Firstly, we fabricated three-dimensional Si microstructures with two
kinds of pitches, 1.2 and 2.4 μm, via an anisotropic wet etching tech-
nique (see Methods). Fig. 1(a–f) demonstrated the scanning electron
microscopy (SEM) images of as-fabricated micropillar and micropencil
arrays with 1.2 μm-pitch, and the corresponding solar spectrum aver-
aged reflectance (RAVE) was shown in Fig. 1g (The samples with 2.4 µm-
pitch were shown in Fig. S1). Note that the ratio of diameter/pitch for
all the samples was preset as 1/1.2 according to our previous experi-
ences [16], aiming to obtain a better light-trapping effect. While the
aspect ratios of height/diameter were changed from 1 to 4. The mi-
crostructure arrays have smooth sidewalls and preferable uniformity,
thanks to the improvement of the metal catalyst system and etching
solution. As illustrated in Fig. 1g, with increasing the height beyond

1 µm, the RAVE of pillar samples kept at a stable value (~11%), due to
the strong reflection from the relatively large flat portions on the top
[18,19]. In contrast, the RAVE of pencil samples was greatly decreased
from 12.5% to 1.6% with the increase of height from 1 to 4 µm, de-
monstrating more efficient light-trapping properties of tapered config-
urations [16]. It should be mentioned that the reflection from the basal
open area may also become weaker with the increase of pencil height,
especially for depth higher than 2 μm. Therefore, the aspect ratio of
pencil arrays should be kept over 2 to suppress the reflection below 5%.

The antireflection property is one of important factors for high ef-
ficiency solar cells. Surface recombination, which is always relevant to
the surface area, is another crucial factor. AF and Aproj were defined
here to represent the micro-textured front surface area and the corre-
sponding projected area (equal to the planar area of the polished
wafer), respectively. The ratio of AF/Aproj [5] that was labeled on the
top edge of Fig. 1g reveals the enhancement of surface area of micro-
pillar arrays. For the micropillar, the AF/Aproj increases from 2.26 to
6.04 with the growth of height from 1 to 4 µm. Here, radial p-n+

junctions covered with thermal-grown SiO2 layers, as schematically
shown in the inset of Fig. 1h, were utilized to evaluate the quality of
surface passivation. The lifetime measurement gives an effective carrier
lifetime (τeff) including the contributions from both bulk lifetime (τbulk)
and surface lifetime (represented by front and back surface re-
combination velocity, SFeff and SBeff,). That is 1/τeff = 1/τbulk + (SFeff
+ SBeff)/W, where W is the wafer thickness. For same batch of p-Si
wafers with identical rear-surface configurations (planar surface coated
with SiO2), the change in τeff therefore mainly reflected the passivation
quality of front surface (different microstructures coated with SiO2).
The corresponding τeff for different front-side designs were collected
and shown in Fig. 1(h and i) [7]. It revealed that the five samples in
Fig. 1h have similar τeff in a large span of excess carrier densities (from
1014 to 1016 cm−3). For a fair comparison, the lifetime of each texture
at a universal excess carrier density (1× 1015 cm−3) was extracted and
shown in Fig. 1i. Surprisingly, the effective lifetime of the micropillar
samples are nearly independent of the area ratios of AF/Aproj, and even
comparable to the values from planar and pyramidal samples. Ac-
cording to the equation of SFeff≡SFloc·AF/Aproj, surface recombination
should largely depend on surface area, where SFloc is the local effective
surface recombination velocity at the front surface [5]. Therefore, the
less difference of τeff for different AF/Aproj indicates that the surface
recombination should become a secondary factor. For example, as-
suming SFloc = 1 cm/s and τbulk = 250 μs for our wafer (W=400 µm),
τeff = 248 and 241 μs can be calculated for planar (AF/Aproj = 1) and
pillar 4 (AF/Aproj = 6), respectively. At this situation, with a good
surface passivation, the τeff becomes nearly independent to the surface
areas. Therefore, the actually measured lifetime of 202/219 μs for pillar
4/planar indicates a pretty good surface passivation for micro-
structures. On the other hands, nanowire structure exhibited a re-
markable negative relevant relation between the effective lifetime and
the area ratio of AF/Aproj, indicating severe surface recombination
[5,20]. In reference 5, the effective minority carrier lifetime in SiO2
passivated b-Si was found rapidly dropped from ~220 to ~110 μs as
increasing the AF/Aproj from 2.9 to 5.2 [5]. This indicates a different
passivation mechanism of microstructures compared to that of nanos-
tructures, which will be discussed in next section.

Additionally, IQE spectra will give more information of spatially
resolved extraction capability on photogenerated carriers. Thus IQE
becomes a passivation-quality-dependent parameter indicative of the
surface and Auger recombination because of the elimination of effects
from light-trapping properties. The Auger recombination from the front
n+ doped layer can be well evaluated by the IQE spectra at short wa-
velength range while the surface recombination is relevant to full
spectra. As shown in Fig. 2a, the IQE responses of larger pitch (2.4 μm)
micropillar that was doped at 850 °C was firstly examined aiming to
study the influence of AF/Aproj on the surface recombination. Note that
the purpose of choosing larger pitch and medium doping temperature is
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to largely reduce the influence of Auger recombination (details will be
described in Fig. 5). One can see from Fig. 2a that the IQE values of
2.4 µm-pitch micropillars were well maintained with the increase of
aspect ratio. This trend coincides with the results of the effective carrier
lifetime, indicating that the microwire radial p-n+ junction may play a
crucial role in the surface passivation. Meanwhile, the IQE spectra in
the blue spectrum range (from 400 to 500 nm) even showed a little
enhancement as increasing the height from 2 to 8 µm, manifesting a
possible superiority of radial p-n+ junctions in shortening the length of
the carrier collection [21,22].

The influence of doping temperature on the IQE spectra for front
configurations with planar substrate, 2.4 μm-pitch micropillars and
1.2 μm-pitch micropillars were further studied and shown in
Fig. 2(b–d), respectively. One can clearly find the IQE in blue spectra
range for the same structure decreases along with the elevation of
doping temperature. More importantly, this decline tendency becomes
much prominent with the decrease of structures’ pitch (planar coun-
terpart can be considered here as infinite pitch). For example, the IQE
value at 400 nm wavelength for the planar device (Fig. 2b) reduced
from 100% to 82% as doping temperature increased from 825 °C to
875 °C, while the IQE at same wavelength for the 1.2 μm-pitch micro-
pillars was found decreased from 90% at 825 °C to 22% at 875 °C
(Fig. 2d). The reduced IQE mentioned above could be roughly attrib-
uted to the deteriorated Auger recombination in the heavy doping re-
gion, which would become more serious with the growth of doping

depth and concentration at elevated doping temperature [23]. The
abrupt decline in IQE spectra in Fig. 2d may indicate a transformation
of the junction configuration in the 1.2 μm-pitch micropillars, i.e. from
a core-shell p-n+ junction to all ‘dead layer’ structure (heavily diffused
throughout the entire depth of the pillars).

Numerical simulations were further implemented to mimic the
possible transformation process in junction configurations of 1.2 μm-
pitch micropencil structures under different doping temperatures. More
information about the simulation can refer the details in the Method of
Simulation. To well match with the experimental results, the doping
information used in this simulation was extracted from the experi-
mental data and we assumed an ideal case of a uniform doping layer
along with the surface of structure. Fig. 3a depicted the dopant con-
centration as a function of depth for the planar structures at different
doping temperatures. According to the experience that Auger re-
combination commonly predominates the recombination process when
the dopant concentration (Nd) exceeds 1×1018 cm−3 [24], it is easy to
find that the thickness of high Auger recombination layer increases
from 0.15 to 1.1 µm as the doping temperatures rise from 800 °C to
950 °C. If considering the Nd> 1×1018 cm−3 as ‘dead layer’, as
shown in Fig. 3c, one can clearly see that the all ‘dead layer’ structures
of 1.2 μm-pitch micropencil will be formed when the doping tempera-
tures exceed 900 °C.

In order to intuitively state the Auger recombination in the doping
process, the profile of the Auger recombination rate was simulated. The

Fig. 1. Cross-sectional SEM images of 1.2 µm-pitch micropillar (a–c) and micropencil (d–f) arrays with a height of 1, 2, and 4 µm, respectively. The inset in (a) shows
the top-viewed SEM image of micropillar arrays. (g) The solar spectrum averaged reflectance RAVE of the micropillar (black) and micropencil (red) arrays. (h) The
minority carrier lifetime as a function of excess carrier density for different structures. The inset shows the schematic of microtextured wafer with passivated p-n+

junctions for lifetime measurements. (i) The lifetime as a function of AF/Aproj at excess carrier density of 1× 1015 cm−3. Here, AF/Aproj represents for micropillars.
All scale bars in SEM images are 1 µm. Pillar 1, 3 and 4 represent the pillars with a height of 1, 3 and 4 µm, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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net Auger recombination rate is defined by
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where Cp and Cn are the separate Auger coefficients, p0/n0 and p/n are
the hole/electron densities under thermal equilibrium for the dark and
illumination case, respectively, ni is the intrinsic carrier density. Thus,
n= n0 +Δn and p= p0 +Δn, where Δn is the excess carrier density,
which depends on the photogenerated carriers. As shown in Fig. 3b, we
showed the cross-sectional distribution of concentration of photo-
generated carriers (G) at λ= 400 nm for the planar counterpart and
1.2 μm-pitch micropencil. The penetration depth at λ=400 nm for the
planar sample is ~2 µm, which means it can well expose the re-
combination information inside the structure for the pencil sample
described above. Since the doping temperatures have a direct effect on
the doping concentration (Nd) as shown in Fig. 3a, we then discussed
the carriers’ distribution under thermal equilibrium. Obviously, with
the increase of doping temperatures, heavy-doping region fulfill the
structures gradually as shown in Fig. 3c, which maintains high con-
sistency with the measured doping concentration in Fig. 3a. Fig. 3d
showed the corresponding cross-sectional distribution of Auger re-
combination rate (RAuger) for the two structures at λ=400 nm. As the
doping temperature increased, more photogenerated carriers were in-
volved in ‘dead layer’, leading to severe Auger recombination.

To help understand the difference between the all ‘dead layer’
structure and the radial p-n+ junction structure in suppressing surface
and Auger recombination, schematics of excess carrier recombination
mechanisms were proposed in Fig. 4. We directly compared the struc-
tures with nano- and micro-dimensions, shown in Fig. 4a and b, re-
spectively. Here we assumed both structures underwent the same doping
condition and received a uniform p-n+ junction with depth of 150 nm. In
this case, the entire nanostructures with the diameter of 200 nm become
all ‘dead layer’ (Fig. 4a), while the microstructures with the diameter of
1 µm can form the core-shell p-n+ configuration (Fig. 4b). For nanos-
tructure system, the n+ doping layer could fulfill the whole nanos-
tructure region as well as the part of contiguous substrate (red section in
Fig. 4a), resulting in an unfavorable energy band bending in the textured

Fig. 2. IQE curves of the silicon micropillar solar cells. (a) 2.4 μm-pitch micropillars with different aspect ratios under 850 °C doping condition. (b) Planar, (c) 2.4 μm-
pitch micropillars (with 2/1 aspect ratio) and (d) 1.2 μm-pitch micropillars (with 2/1 aspect ratio) under different doping conditions.

Fig. 3. Analysis of Auger recombination. (a) Electrochemical capacitance-vol-
tage (ECV) profiles of the p-n+ junction from planar samples with doping
temperature of 800 °C, 850 °C, 900 °C and 950 °C. (b) Simulated distribution
profiles of the photogenerated carriers for planar sample and 1.2 μm-pitch
micropencil structures at 400 nm wavelength. (c) Simulated doping profiles and
(d) corresponding distribution of Auger recombination rate at 400 nm wave-
length of planar samples and 1.2 μm-pitch micropencil structures under doping
temperature of 800 °C, 850 °C, 875 °C, 900 °C and 950 °C.
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Si as shown in Fig. 4A-A and thus facilitating the carriers’ recombination
including surface and Auger recombination. As to the situation of na-
nowire, the fully-doped profile can equivalent to a planar structure with
deeper diffusion depth and an enlarged surface which is rich in defects.
The total diffusion depth equal to the sum of nanowire height and the
diffused depth beneath. It is well known that even for the planar struc-
ture, the τeff and J0 (saturation current density) will also be changed
dramatically with the diffusion depth and concentration [25]. The τeff
has a reverse relation with the diffusion depth. Therefore, certainly, the
τeff of nanowire will largely depend on the height of nanowire. However,
for the radial p-n junction of microwire, the diffusion layer can be well
controlled in a thin layer along with the surface of structure. Due to the
quite short distance in the radial direction and the all-around field con-
figuration, the thin radial p-n junction can form a strong field. With the
help of this strong electric field, holes will be prevented from the surface
and the surface recombination of microstructure will be largely sup-
pressed, as shown in Fig. 4B-B [26]. Meanwhile, because the photo-
generated carriers mainly exist in the center of pencil structures (Fig. S2),
the Auger recombination can also be well suppressed through keeping
the center of pencil structure at a low doping level (p-Si). Therefore,

micropillar with radial p-n junction can maintain good surface passiva-
tion (Fig. 1i) and less IQE loss (Fig. 2a) from Auger recombination even
for the cases of AF/Aproj> 5.

Except for the discussion on Auger recombination rate at a specific
wavelength of 400 nm, the Jsc losses across the entire considered wave-
lengths (i.e., 300–1200 nm) under different doping temperatures were
also collected by both simulation and experiments, as shown in Fig. 5(a
and b). Because the surface recombination is no longer the main factor
that is responsible for Jsc loss, we neglect it in this simulation and only
consider Jsc loss caused by Auger recombination. Fig. 5a illustrated the
Jsc loss as a function of doping temperatures and the pitches of pencil
arrays. For the four samples of planar silicon and 0.6, 1.2, 2.4 μm-pitch
micropencil arrays, a similar tendency of increasing Jsc loss with the
doping temperatures was clearly observed. In addition, at the same
doping temperature, the Jsc loss become more pronounced with
shrinking the feature size from infinite (planar), 2.4–0.6 µm. Region I and
Region II were thus defined to represent the micropencil structures with
all ‘dead layer’ (similar as Fig. 4a) and core-shell p-n+ junction (similar
as Fig. 4b), respectively. The region definition is based on whether the
‘dead layer’ (Nd> 1×1018 cm−3) depth crosses over the diameter of
micropencil or not. For example, the ‘dead layer’ depth of 850 °C doping
temperature is about 0.35 µm, which exceeds the radius of 0.6 μm-pitch
pencil (0.25 µm), so it belongs to Region I. From Fig. 5a, one can find that
micropencil structures have different transformation temperatures from
Region II to Region I depending on the different diameters. At the
boundary between region I and region II, an abrupt change in Jsc loss was
identified, indicating the powerful effectiveness of the formation of ra-
dial p-n+ junction on suppression of the Auger recombination.

To further verify the simulated results, the experimental Jsc losses
were presented in Fig. 5b. To remit the influences of recombination on
the rear side, the experimental Jsc losses shown here were calculated by
integrating IQE spectrum weighted by photon flux density of AM 1.5
solar spectrum from 300 to 900 nm. The experimental results agreed
well with the simulated values. The planar device exhibits minimum Jsc
loss of below 2mA/cm2 even at a higher doping temperature of 875 °C.
As the doping temperature dropped down to 850 °C, the Jsc loss of
2.4 µm-pitch and 1.2 μm-pitch micropencils are only 0.5 and 2.1mA/
cm2, respectively. However, at the elevated doping temperature of
875 °C, Jsc loss from 1.2 μm-pitch micropencils rapidly increased to
more than 12mA/cm2 due to the formation of all ‘dead layer’ in the
structure (Region I). It is worth mentioning that even though the trends
of experiments are similar to that of simulation, the changing tem-
perature of Jsc loss from experiments is slightly lower than that from the
simulation. This variation may come from the neglect of surface re-
combination, the assumption of forming uniform p-n+ junction [27]. In

Fig. 4. Schematic of excess carrier recombination mechanisms in two dimen-
sional silicon structures: (a) nano- (b) micro-. (A-A) and (B-B) are the corre-
sponding energy band diagrams of cross profile of nano- and micro-structure,
respectively.

Fig. 5. (a) Simulated and (b) experimental results of Jsc loss analysis from the Auger recombination in diffusion layers. Pencil 0.6, pencil 1.2 and pencil 2.4 represent
pencil arrays with the pitches of 0.6, 1.2 and 2.4 μm, respectively.
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fact, for reducing the influence of surface recombination from the
surface defect, it is better to form a strong field passivation along with
the whole surface of textures. In addition, in order to reduce the in-
fluence of Auger recombination, the thickness of the diffusion layer
should be controlled as thin as possible. Therefore, the optimized dif-
fusion layer should be uniformly distributed along with the surface of
microwire structures. Although it shows a relative uniform doping with
an indirect doping method (see details in Fig. S3), improvements in
order to form a thin but homogeneous enough diffusion layer should be
emphasized in future.

According to above discussion, well-designed micropencil arrays
can be a promising platform to render the formation of radial p-n+

junction with tunable junction depth. As shown in Fig. 6, silicon mi-
cropencil solar cells were therefore fabricated with varied doping
temperatures. The schematic of the cells was shown in Fig. 6a. Limited
by the immature fabricating techniques including large shaded area
(~10%, about 4mA/cm2 loss in Jsc) and the high resistance of top metal
contacts and poor aluminum back surface field (Al-BSF), the photo-
voltaic (PV) performances shown here are relatively unsatisfied.
Nevertheless, the results showed in Fig. 6b and listed in Table 1 can still
give great potential for high-efficiency silicon micropencil solar cells
with radial junctions. Note that the Jsc of micropencil arrays with
825 °C and 850 °C doping temperatures are both higher than 35mA/
cm2, while it rapidly drops down to 25.4mA/cm2 for the 875 °C doping
temperature, with a value even less than that of planar counterpart.
This phenomenon is consistent with Fig. 5b, indicating the entrance
from Region II to Region I (as indicated in Fig. 5a). As a result, our
micropencil device achieved the best PCE of 15.3%, with a Voc of
582mV, a FF of 74.4% and a superior Jsc of 35.3 mA/cm2 at 850 °C.

3. Conclusion

In summary, silicon microwire solar cells with radial p-n+ junctions
were successfully fabricated, of which the surface and Auger

recombination, as well as PV performance were systematically studied
as a function of the structural parameters and junction depth. Different
to the conventionally nanotextured b-Si, the surface passivation quali-
ties of micropillar arrays with radial p-n+ junctions are nearly in-
dependent to the pillar height (i.e. the aspect ratio), and even com-
parable to the planar silicon (lifetimes > 200 μs). Further simulated
and experimental studies showed that the Auger recombination on the
microwire solar cells has a close correlation to the doping condition and
the diameter of microstructures. The 2.4 μm-pitch micropencil arrays
with a radial p-n+ junction formed at 850 °C can suppress the Auger
recombination related Jsc loss as low as 0.5mA/cm2. As a result, we
obtained a champion efficiency of 15.3% for the silicon micropencil
solar cells, much higher than that of reference cells with fully-doped
emitters (11.1%). Our findings show that the formation and control of
radial junction on silicon microwire arrays can efficiently suppress both
surface and Auger recombination, indicating a feasible way towards
high-efficiency solar cells and solar-to-fuel devices.

4. Methods

4.1. Method of simulation

In this simulation, the COMSOL Multiphysics software was em-
ployed to implement the photoelectric simulations, which gain the
performances of devices by solving the Maxwell's and carrier transport
equations. The periodic boundary conditions were utilized to ensure a
perfect cell on the double sides for both optical and electrical modules.
In the optical module, by coupling the spatial structure with the fre-
quency domain, we can obtain a series of optical parameters including
absorption response and electric field distribution as well as photo-
generated carriers’ distribution. Then, based on the carriers’ generation
in the optical module, the electrical processes including carriers’
transport, recombination and collection can be well imitated and the
stabilized distributions, which includes the carriers and recombination

Fig. 6. Photovoltaic performances of solar cells equipped with micropencil arrays under different doping temperatures. (a) Schematic illustration of the silicon
micropencil solar cells. (b) J–V curves of planar (reference) and micropencil solar cells. The pitch is 1.2 µm.

Table 1
Photovoltaic performances of the silicon solar cells in Fig. 6b.

Samplesa Vocb (V) Jscb (mA/cm2) FFb (%) PCEb (%)

Planar 0.590 26.6 72.9 11.4
(reference) (0.588 ± 0.002) (26.4 ± 0.3) (72.5 ± 0.4) (11.3 ± 0.1)
Pencil 825 °C 0.575 35.7 70.2 14.4

(0.574 ± 0.001) (35.5 ± 0.2) (70.4 ± 0.2) (14.4 ± 0.1)
Pencil 850 °C 0.582 35.3 74.4 15.3

(0.584 ± 0.002) (35.0 ± 0.5) (73.8 ± 0.7) (15.1 ± 0.2)
Pencil 875 °C 0.584 25.4 74.8 11.1

(0.582 ± 0.002) (25.2 ± 0.7) (74.3 ± 1.0) (10.9 ± 0.5)

a Data and statistics based on five cells of each condition.
b Numbers in bold are the champion values of each condition.
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ratio can be well addressed. It is worth noting that we ignore the impact
of heavy doping on optical absorption, which means the same optical
performances under different doping concentrations as shown in
Fig. 3b. Besides, the photoelectric parameters of silicon used in the si-
mulation, including refractive index, electron and hole mobility, carrier
lifetime, coefficients of carrier recombination, material bandgap, etc.,
can be found in previous publications [28–30].

4.2. Fabrication of micropillar arrays

Czochralski grown, 400-μm-thick, double-side polished p-type (100)
Si wafers (2–4 Ω cm) were utilized in the work. The micropillar arrays
were fabricated via an anisotropic wet etching technique, as introduced
elsewhere [31,32]. Monodispersed polystyrene (PS) microspheres with
two different pitches (1.2 µm and 2.4 µm) were separately assembled on
the Si substrate via Langmuir-Blodgett (LB) method, followed by a re-
active-ion etching (RIE) operation to reduce the diameter of micro-
spheres [33,34]. A 1.5/5/10 nm-thick Ti/Ag/Au metal catalyst was
deposited by electron beam evaporation on the side covered with the
microspheres[[35].] After the removal of the PS microspheres with so-
nication in chloroform, the samples were covered through a shallow
mask [36]. Another Ti/Au (1.5/20 nm) films were deposited on the gap
of mask. The samples were immersed in a composited solution (H2O2/
HF/H2O/ktOH=1/5/10/10 by volume) at room temperature for dif-
ferent time to control the height. Then the micropillar arrays were
rinsed with aqua regia to remove Au mesh.

4.3. Fabrication of micropencil arrays

The micropencil arrays were made by a multiple-cycle chemical
etching process [15]. The micropillar arrays were etched in a mixed
solution of AgNO3 (0.0002M), HF (2M) and HNO3 (0.005M) for
10–15min. After every etching cycle, the samples were transferred into
a 10 wt% HNO3 solution for 2min to remove the residual Ag clusters
followed with a rinse in DI water.

4.4. Fabrication of silicon solar cells

The emitter layer was formed by the spin-on dopant (SOD) method.
After the RCA cleaning (as developed at Radio Corporation of America),
the phosphorus dopant source (P509, Filmtronics, Inc) was spin-coated
on a dummy wafer, and then baked at 200 °C for 15–20min. In order to
tune the doping profiles, the diffusion temperature was varied from
800 °C to 950 °C for different batches. For each batch, a two-step dif-
fusion process was conducted in a tube furnace under a mixed ambient
atmosphere of O2 (375 sccm) and N2 (1125 sccm) for 30min, followed
with O2 (1500 sccm) for 10min. The reason of adding the second step is
to oxidize the phosphorus-rich layer (PRL), so as to easily remove it by
the following HF treatment. Removing the PRL can help to improve the
passivation quality of sequentially coated passivation layer. The tex-
tured Si samples were abutted the dummy wafer for conformal doping.
The phosphorous silicate glass which remained after SOD diffusion was
removed by 4 vol% HF solution. A thin SiO2 passivation layer was
formed by thermal oxidation at 800 °C for 30min. The thickness of SiO2
layer is in the range of 5–15 nm depending on the amount of doped
phosphorus that was controlled by the diffusion temperature. Back
metal contact was made by aluminum paste and alloying at 750 °C. For
the front metal contact, the grid pattern was formed by photo-
lithography and etched in buffered hydrogen fluoride corrosion solu-
tion [37]. A Cr/Pd/Ag contact grid was made by electron beam eva-
poration and metal lift-off operation.

4.5. Characterization

The morphologies of the samples were conducted by scanning
electron microscope (SEM, Zeiss Ultra Plus). Effective carrier lifetime

was analyzed by a microwave photoconductivity decay system (WCT-
120, Sinton Consulting). The dopant concentration and junction depth
were measured by electrochemical capacitance-voltage (ECV). The PV
performance of solar cells was measured under a simulated AM 1.5
spectrum sunlight illumination and with a 0.5 cm2 effective illumina-
tion area through a measurement mask. The reflectance and IQE curves
were measured by a quantum efficiency system (QEX10).
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1. Introduction

Although crystalline silicon (c-Si) solar 
module cost has been remarkably reduced 
during the past decade, the levelized cost 
of electricity (LCOE) of solar energy is 
still higher than that of fossil-fuel based 
energy. Ultrathin c-Si solar cells provide 
a feasible pathway toward shrinking the 
material cost by reducing the volume of 
silicon consumed in a photovoltaic (PV) 
cell,[1] as well as allowing the use of low-
quality material owing to the fact that 
shorter minority carrier diffusion length is 
required to achieve efficient carrier collec-
tion in ultrathin solar cells.[2–5] Here, the 
thicknesses of ultrathin c-Si are less than 
50 µm, at least 3 times thinner than that 
of the mainstream (160–180 µm) in pre-
sent PV industry. To date, considerable 
interest has been attracted in ultrathin 
c-Si solar cells and some good results have 
been yielded.[6–10] For example, Branham 
et al.[5] have reported a 15.7% efficient 

10 µm thick c-Si solar cell by using periodic nanostructures. 
Moslehi et al.[11] have achieved a 21.2% efficient solar cell with  
35 µm thick c-Si absorber based on epitaxial silicon and porous 
silicon lift-off technology, and a 18 µm thick solar cell with an 
efficiency of 16.8% was reported using the same approach on 
steel by Wang et al.[9] An efficiency of 13.6% was realized on 
a 20 µm thick hybrid silicon/polymer solar cell by He et al.[12] 
Although ultrathin c-Si solar cells show great promise for 
reducing the material cost, the existing fabrication processes 
are too complicated and not cost-effective to apply to the pre-
sent production lines; in the meantime, the performance of 
ultrathin solar cells is still poor comparing with that of the 
commercial c-Si solar cells (thickness: 160–180 µm).

The principal deficiency of hindering the development of 
highly efficient ultrathin c-Si solar cells is the weak optical 
absorption in the near-infrared wavelengths due to the reduced 
Si absorber thickness, which consequently results in a reduced 
photocurrent.[13] To address this issue, excellent light-trapping 
effect is required to increase the effective optical absorption 
length. Hence, a range of surface texturing structures such as 
inverted nanopyramids,[5,14–16] nanocones,[8,17,18] nanocylin-
ders,[19] nanodomes,[20] and nanoholes[21] have been proposed as 
both the antireflection and light-trapping technique to enhance 
the solar photon absorption in ultrathin c-Si. Aside from their 

Ultrathin crystalline silicon (c-Si) solar cells provide advantages in reducing 
the use of c-Si material and being flexible, but there are several challenges 
that need to be conquered, such as limited optical absorption, high sensi-
tivity to surface recombination, and complicated fabrication issues. Here, 
all-solution-processed Si nanopyramids (SiNPs) are proposed as the sur-
face texture for ultrathin c-Si solar cells to solve the light absorption issue, 
whose preparation process is simple, low-cost, and industrially compatible. 
Combining the SiNPs texture with good passivation technique, an efficiency 
of 15.1% with an open circuit voltage approaching 700 mV is realized on 
a 37 µm thick c-Si solar cell. Moreover, both experimental and simulation 
investigation reveal that the SiNP-textured ultrathin solar cells have quasi-
omnidirectional light absorption characteristic, showing a potential to 
produce higher all-day output power compared with the Si micropyramids 
textured counterpart. To further reduce the cost of ultrathin c-Si solar cells, 
a direct copper metallization is also investigated in replacement of silver 
metallization, which can result in a comparable efficiency. The present work 
demonstrates the conventional industrial processes for achieving low-cost 
ultrathin c-Si solar cells.
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small feature size suitable for ultrathin solar cell, nanostruc-
tures are also conducive to material removal reduction, thus 
keeping the absorber thickness as much as possible. Neverthe-
less, the nanostructures mentioned above either require the 
use of lithography, which is sophisticated and expensive for 
manufacture, or incur severe surface recombination, a problem 
even more prominent in ultrathin solar cells.[22] In contrast,  
Si upright nanopyramids texture formed by metal-assisted 
alkaline etching (MAAE) method possesses the characteristics 
of facile operation and low cost, together with low surface area 
enhancement. The fabricated Si nanopyramids (SiNPs) can help 
to achieve near-Lambertian light absorption in ultrathin c-Si.[23] 
Moreover, it has been demonstrated in our previous study that 
SiNP-textured solar cells (with standard thickness) have quasi-
omnidirectional photoelectric conversion ability, which is ben-
eficial for increasing the all-day output of solar cells.[24]

Besides light management in ultrathin c-Si solar cells, 
another important issue is to control surface carrier recombi-
nation. Branham et al.[5] have carried out a simulation to show 
that the open circuit voltage (VOC) and power conversion effi-
ciency of ultrathin solar cells are dramatically decreased with 
the increasing surface recombination, supposing that bulk life-
time is not the limiting factor. In fact, because ultrathin solar 
cells have relatively larger surface to volume ratio, the VOC of 
ultrathin solar cells is more susceptible to surface carrier recom-
bination than that of commercial c-Si solar cells (thickness: 
160–180 µm).[1] Herein, we have adopted the commercially 
mature silicon heterojunction (SHJ) technology that features 
good surface passivation quality (although it is mature, it is 
rarely reported in ultrathin c-Si solar cells).[25,26] In combination 
with SiNPs texture formed by an all-solution-processed method, 
MAAE, which is simple, cost-effective, and fully compatible 
with the existing production lines, we have successfully fabri-
cated a 37 µm thick c-Si solar cell with an efficiency of 15.1% 
and a VOC of nearly 700 mV. By analyzing external quantum 
efficiency (EQE) varying with the incident angle (θ) and optical 
simulations by finite-difference time-domain (FDTD), both 

excellent and quasi-omnidirectional light absorption properties 
have been demonstrated in SiNP-textured ultrathin c-Si solar 
cell. To further reduce the cost, we have also explored copper 
metallization substituting for silver metallization through mul-
tiwire technology[27] in ultrathin c-Si solar cells.

2. Results and Discussion

2.1. Surface Morphology

Figure 1 shows the 45° tilted-view and the cross-sectional scan-
ning electron microscopy (SEM) images of the SiNP-textured 
and Si micropyramid (SiMP)-textured ultrathin c-Si surfaces. 
Note that the SiMPs texture is formed by a conventional alka-
line etching method under the temperature of 83 °C,[28,29] while 
for the SiNPs texture, it just additionally requires coating c-Si 
surface with Ag nanoparticles in a mixed solution of AgNO3 
and HF, and then follows the conventional alkaline etching 
method under lower temperature (65 °C), namely the MAAE 
method. More details of the fabrication are presented in the 
Experimental Section. As shown in Figure 1a,b,a′,b′, both 
SiNPs and SiMPs are densely distributed on the surfaces, but 
the sizes of SiNPs (0.7 ± 0.5 µm) are much smaller than that of 
SiMPs (5.5 ± 4.0 µm), which helps maintain the flatness of sur-
face texture, and thus effectively reduces the mechanical stress 
of ultrathin solar cells. In addition, SiNPs texture exhibit much 
smoother surface. Consequently, it is expected to have smaller 
surface area and less dangling bonds, and it is easier to obtain 
lower surface recombination by passivation technique com-
pared with the SiMPs texture. The thicknesses of both wafers 
become different after the texturizations even though they are 
the same at the beginning, as presented in Figure 1c,c′. The 
thickness of SiNP-textured ultrathin wafer is 37 ± 1 µm, 5 µm 
thicker than that (32 ± 1 µm) of SiMP-textured ultrathin wafer, 
which is in agreement with our previous result that SiNPs tex-
ture has less material removal reduction.[23] As is well-known, 
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Figure 1. a) 45° tilted-view and b) cross-sectional SEM images of SiNP-textured surface. c) Cross-sectional SEM image of SiNP-textured ultrathin 
silicon. a′) 45° tilted-view and b′) cross-sectional SEM image of SiMP-textured surface. c′) Cross-sectional SEM image of SiMP-textured ultrathin silicon.
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reducing c-Si material loss in the texturization process is of 
great importance for ultrathin c-Si solar cells since this helps 
cells keep more absorbed light. Except for the advantages 
mentioned hereinbefore, it is worth mentioning that MAAE 
is a simple and cost-effective method for SiNPs texturization 
without involving any sophisticated patterning process, which 
is fully compatible with the existing production lines.

2.2. Solar Cell Performances

Figure 2a schematically illustrates the structure of ultrathin 
c-Si solar cells. It is based on the commercially mature SHJ 
design with rear emitter, which features good surface passi-
vation quality. The n-type c-Si was used as the substrate, with 
intrinsic hydrogenated amorphous silicon (i a-Si:H) layers 
coating on both sides as passivation layers. The n-type a-Si:H 
layer (n a-Si:H) and p-type a-Si:H layer (p a-Si:H) serve as 
electron-selective and hole-selective layers, respectively. Tung-
sten-doped indium oxide (IWO) films deposited on both sides 
function as transparent conductive oxide (TCO) layers. Ag grids 
on the front side act as electrode, and Ag film totally covers the 
back side as both electrode and back reflection layer. Figure 2b 
compares the reflectance spectra of SiNP-textured and SiMP-
textured ultrathin solar cells. Note that the reflectance spectra 
were measured without the front-side Ag grids but with back-
side Ag film. As can be seen, both SiNP-textured and SiMP-
textured ultrathin solar cells have a good antireflection effect 

over a broadband wavelength range (450–1000 nm). The 
averaged reflectance of the SiNP-textured ultrathin solar cell 
in the measured wavelength range (400–1100 nm) is 7.0% 
under normal incidence condition, which is slightly higher 
than that of SiMP-textured ultrathin solar cell (6.0%). The 
slight difference (1.0%) is mainly due to the higher reflectance 
of SiNP-textured solar cell in the short wavelength region. 
This disadvantage could be compensated for to some extent 
by adjusting the deposition thicknesses of a-Si and TCO films, 
since the deposition conditions we adopted here were opti-
mized for micropyramidal structure.

It is well known that the VOC of c-Si solar cell increases as 
cell thickness decreases provided that the surface recombina-
tion is low.[22] However, if the surface recombination is not suf-
ficiently low (for example, >100 cm s−1), the VOC of ultrathin 
c-Si solar cells will be more prominently affected by the sur-
face recombination velocity (S) compared with that of thick c-Si 
solar cells.[1] Therefore, it is more critical to obtain good surface 
passivation quality for ultrathin solar cells. The surface recom-
bination velocity can be calculated by the equation as follows, 
assuming that surface recombination properties at both c-Si 
surfaces are the same

τ τ
= +

1 2 1

eff bulkW
S

 
(1)

where τeff is the effective lifetime, W is the wafer thickness, and 
τbulk is the bulk lifetime. In our ultrathin c-Si solar cells, at the 
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Figure 2. a) Structure diagram of ultrathin SHJ solar cells. b) Comparison of reflectance spectra of SiNP-textured and SiMP-textured ultrathin solar 
cells without the front-side Ag grids. c) Comparison of sun-implied VOC plots of SiNP-textured and SiMP-textured ultrathin wafers with n/i a-Si:H on 
the front side and p/i a-Si:H on the back side. d) J–V curves of SiNP-textured and SiMP-textured ultrathin heterojunction solar cells. η is the conver-
sion efficiency of solar cells. The inset exhibits the efficiency distribution and the best performance of SiNP-textured and SiMP-textured ultrathin solar 
cells, as well as the optical image of the fabricated solar cell on a 3 cm × 3 cm ultrathin c-Si wafer (the effective area of the solar cell is 2 cm × 2 cm).
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carrier density of 1015 cm−3, the τeffs for the passivated SiNP-
textured and SiMP-textured wafers are measured to be 918 and 
522 µs, respectively, by using the photoconductance decay tech-
nique in transient mode. The Ws of SiNP-textured and SiMP-
textured solar cells are 37  and 32 µm, respectively. The τbulk is 
assumed to be 10 ms.[30] Hence the Ss at the carrier density of 
1015 cm−3 for SiNP-textured and SiMP-textured solar cells are 
estimated to be as low as 1.83  and 2.18 cm s−1, respectively, 
confirming the excellent passivation effect provided by both 
intrinsic a-Si and doped a-Si layers. The lower S of SiNP-tex-
tured solar cells is probably due to the smoother surface and/
or less surface area, as indicated in Figure 1. Figure 2c further 
shows the sun-implied VOC plots of ultrathin SHJ solar cells 
with two different surface textures. High implied VOC (over 
700 mV) can be obtained for both SiNP-textured and SiMP-
textured ultrathin c-Si solar cells at 1 sun illumination. Besides, 
Figure 2c also denotes that the SiNP-textured ultrathin c-Si 
solar cell has higher implied VOC than the SiMP-textured one, 
we attribute which to the smaller S.

Figure 2d illustrates current density–voltage (J–V) curves of 
SiNP-textured and SiMP-textured ultrathin c-Si solar cells. The 
inset shows the optical image of the fabricated ultrathin solar 
cell on an ultrathin c-Si wafer (3 cm × 3 cm). The effective area 
of the solar cell is 2 cm × 2 cm. It can be seen that the VOC 
of SiNP-textured solar cell is 697 mV, exceeding that of SiMP-
textured one (677 mV) by as much as 20 mV. Regarding fill 
factor (FF), the value of the SiNP-textured solar cell is 65.5%, 
1.7% higher than that of the SiMP-textured solar cell (63.8%), 
which may be due to the lower surface recombination.[30,31] 

While for short-circuit current density (JSC), owing to the 
higher reflectance under normal incidence condition, the JSC of 
SiNP-textured solar cell is 33.2 mA cm−2, 0.9 mA cm−2 lower 
than that of SiMP-textured solar cell (34.1 mA cm−2). As an 
overall result, the ultrathin SHJ solar cell with SiNPs texture 
has an efficiency of 15.1%, an absolute value of 0.4% higher 
than that of SiMP-textured ultrathin c-Si counterpart (14.7%). 
We have also presented in the inset of Figure 2d the efficiency 
distribution of SiNP-textured and SiMP-textured ultrathin solar 
cells. For SiNP-textured ultrathin solar cells, the average effi-
ciency is 15.07%, while for SiMP-textured ultrathin solar cells, 
the average efficiency is 14.62%. These results well illustrate 
the advantage of SiNPs texture over SiMPs texture in ultrathin 
c-Si solar cells. It should be pointed out that the JSC and FF of 
the SiNP-textured ultrathin c-Si solar cell are still limited by 
an extrinsic loss. For example, the upper limit of JSC of SiNP-
textured ultrathin c-Si solar cell can reach 38 mA cm−2 by inte-
grating the EQE in Figure 3.

2.3. Quasi-Omnidirectional Characteristic

As shown in Figure 3a, the EQE of SiNP-textured ultrathin 
solar cell in the middle and long wavelength (550–1100 nm) is 
well maintained as θ increases in the region of 0°–45°, exhib-
iting quasi-omnidirectional photoelectric conversion property. 
Subsequently, the EQE slightly declines when θ increases from 
45° to 60°. Nevertheless, the SiMP-textured ultrathin solar 
cell exhibits a different behavior (see Figure 3b). In the whole 
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Figure 3. EQE spectra of a) SiNP-textured and b) SiMP-textured ultrathin solar cells varying with θ. c) Comparison of calculated JSC of SiNP-textured and 
SiMP-textured ultrathin solar cells varying with θ. The calculated JSC values were obtained by integrating EQE curves and the photon flux of the AM 
1.5 spectrum. d) Calculated absorption of 37 µm thick SiNP-textured c-Si and 32 µm thick SiMP-textured c-Si (both with double-side SiNx coating and 
Ag back reflector) varying with θ at the wavelength of 900 nm.
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region of 0°–60°, the EQE spectra of SiMP-textured ultrathin 
solar cell decrease obviously in the middle and long wavelength 
(500–1100 nm). To vividly illustrate the angular dependence 
of EQE of SiNP-textured and SiMP-textured ultrathin solar 
cells, we have also plotted the calculated JSC of the two dif-
ferent cells as a function of θ, as shown in Figure 3c. Note that 
the calculated JSCs were obtained by integrating EQE curves 
and the photon flux of the air-mass 1.5 (AM 1.5) spectrum 
over the wavelength of 300–1100 nm, with the assumption 
that the incident photon flux is the same for all θs. It can be 
seen that in condition of vertical incidence (θ = 0°), the calcu-
lated JSC of SiNP-textured ultrathin solar cell is lower than that 
of SiMP-textured ultrathin one, which is caused by the worse 
antireflection of the SiNPs under normal incidence condition. 
Despite that, as θ increases to 15°, the calculated JSCs of SiNP-
textured and SiMP-textured ultrathin solar cells are nearly the 
same. When θ becomes larger, the calculated JSCs of the SiNP-
textured ultrathin solar cell maintain higher than that of the 
SiMP-textured ones, owing to the less sensitivity of EQE of 
SiNP-textured ultrathin solar cell to θ. Considering the fact that 
the θ varies with time as the sun moves in the daytime, the 
SiNP-textured ultrathin solar cell is expected to produce higher 
all-day output power than SiMP-textured one, which helps to 
reduce LCOE.

The quasi-omnidirectional EQE characteristic of SiNP-tex-
tured ultrathin solar cell can be better understood through the 
light absorption varying with θ, obtained from optical simula-
tions. Figure 3d illustrates the calculated absorption of 37 µm 
thick SiNP-textured and 32 µm thick SiMP-textured c-Si wafers 
(both with double-side SiNx coating and Ag back reflector) at 
the wavelength of 900 nm. As can be seen, the optical absorp-
tion of the SiNP-textured c-Si is less sensitive to θ compared 
with that of the SiMP-textured one. As a result, although the 

absorption of SiNP-textured c-Si is slightly lower than that of 
SiMP-textured c-Si when θ is between 0° and 15°, it becomes 
higher when θ is larger (30°–60°). Therefore, the insensitivity 
of the EQE of SiNP-textured ultrathin solar cell to θ within 45° 
should be attributed to the quasi-omnidirectional light absorp-
tion ability.

2.4. Copper Metallization

Considering the cost savings of solar cell fabrication, we have 
also tried direct copper metallization, that is, replacing front Ag 
grids with polymer coated copper (C/Cu) wires through multi-
wire technology.[27] Figure 4a,b shows cross-sectional and top-
view SEM images of C/Cu wires soldered on the front TCO 
layer of the SiNP-textured ultrathin solar cell by heat pressing 
at a temperature of 220 °C. The diameter of the C/Cu wire is 
about 150 µm, composing of a copper core with diameter 
of about 100 µm and a polymer outer shell with thickness of 
about 25 µm. The electric contact between the C/Cu wires and 
front TCO layer was realized via the outer conductive polymer 
coating layer of the C/Cu wires, which contains adhesive agent  
that can glue wire to TCO. Unlike screen printing method, multi-
wire technology avoids high pressure during the metallization 
process, which matches well with the ultrathin solar cell fabrica-
tion process for reducing the risk of fragmentation. Figure 4c 
presents the optical image of the SiNP-textured ultrathin solar 
cell whose front side is directly copper metallized. The cell size 
is 3 cm × 3 cm, while the aperture area for the J–V measure-
ment is designated as 2 cm × 2 cm in the center of solar cell by 
a mask. Two solder ribbons with width of 8 mm and thickness 
of 0.2 mm were placed at both sides of the copper metallized 
ultrathin solar cell for J–V measurement. There are 11 C/Cu 
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Figure 4. a) Cross-sectional and b) top-view SEM of a C/Cu wire soldered on the front TCO layer of the SiNP-textured ultrathin solar cell. c) Optical 
image of the SiNP-textured ultrathin solar cell whose front side is directly copper metallized. The cell size is 3 cm × 3 cm. d) J–V curve of SiNP-textured 
ultrathin solar cell with C/Cu wires. The aperture area for the J–V measurement is designated as 2 cm × 2 cm. η is the conversion efficiency of solar 
cells. e) Power loss of the copper metallized cell based on the given C/Cu wire diameter of 150 µm. f) Minimum power loss versus wire diameter plot 
of the copper metallized ultrathin solar cell.
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wires soldered on the 3 cm × 3 cm cell, and 8 C/Cu wires in the 
effective illumination area (4 cm2). Hence the shading fraction 
of 8 C/Cu wires for the copper metallized ultrathin solar cell 
is 6.0%, lower than that of the silver metallized one (10.6%) by 
4.6%, meaning less optical shading loss and thus higher JSC. As 
shown in Figure 4d, the JSC of copper metallized SiNP-textured 
ultrathin solar cell is 35.3 mA cm−2, 2.1 mA cm−2 higher than 
that of the silver metallized SiNP-textured one (33.2 mA cm−2).

It is worth noting that the FF of both the copper metallized 
and silver metallized ultrathin solar cell are lower at present 
compared to the conventional SHJ solar cells.[27] It is probably 
caused by high series resistance (RS) resulting from the non-
optimized p a-Si:H/TCO and n a-Si:H/TCO contact resistances, 
which are two main components of RS.[32] As we know, the p 
a-Si:H/TCO and n a-Si:H/TCO contact resistances are sensi-
tive to the deposition processes of the amorphous silicon and 
TCO layers. Note that the present deposition processes are fine-
tuned based on the conventional thick c-Si substrate, they may 
not be suitable for the ultrathin c-Si substrate. For the copper 
metallized ultrathin solar cell, its FF is still relatively lower 
than its silver metallized counterpart. This is because there are 
8 C/Cu wires in the effective illumination area (4 cm2) for the 
former while there are 10 silver electrodes for the latter, which 
will cause larger resistive loss related to the sheet resistance of 
TCO layer in the former. It can be improved by optimizing the 
copper electrode layout.

Figure 4e,f indicates the further theoretical optimization of 
copper metallization for SiNP-textured ultrathin solar cell. As 
presented in Figure 4e, based on the given C/Cu wire diameter, 
we can calculate the power loss (Ploss) of the solar cell, where 
Ploss is the sum of resistive power loss (Presistance) and optical 
power loss (Pshading) caused by copper metallization. By varying 
the amount of C/Cu wires, the Ploss is calculated by

P R J( )resistance mpp
2= ⋅  (2)

P A J Vshading shading mpp, no shading mpp= ⋅ ⋅  (3)

where R is the sum of RCu, RTCO, and RTCO/Cu, which are the 
series resistance components related to the resistance of C/Cu 
wires, the sheet resistance of TCO, and the contact resist-
ance between C/Cu wires and TCO. RCu and RTCO/Cu can be 
calculated according to the literature.[33] Ashading is the C/Cu 
wires shading fraction, Jmpp is the maximum power point 
current density, Vmpp is the maximum power point voltage of 
the simulated cell, and Jmpp,no shading is the maximum power 
point current density of the simulated cell without C/Cu wires 
shading. The detailed calculation approach can be found in 
our previous study.[27] By calculation, the optimized number 
for 2 cm × 2 cm area of C/Cu wires (diameter: 150 µm) is 
8 corresponding to a minimum Ploss (see Figure 4e). As the 
diameter of C/Cu wires changes, the minimum Ploss changes 
accordingly. Consequently, the minimum Ploss of the copper 
metallized cell can be reduced from ≈1.42 to ≈1.05 mW cm−2 
by decreasing the diameter of the C/Cu wires from 150 to 
70 µm (see Figure 4f), corresponding to an Eff increase of 
≈0.37%abs. In this case, the efficiency of the copper metallized 
SiNP-textured ultrathin solar cell will exceed its silver metal-
lized counterpart.

3. Conclusion

In conclusion, this study shows a facile, cost-effective, and indus-
trially compatible way to simultaneously solve the optical absorp-
tion and surface recombination issues in ultrathin c-Si solar cells, 
and a 37 µm thick ultrathin c-Si solar cell with a VOC of 697 mV 
and an efficiency of 15.1% is successfully realized in this way. The 
surface of cell is textured by SiNPs, which is proved to be suitable 
for application in ultrathin solar cell rather than conventional 
SiMPs texture for its smaller surface recombination and less 
absorber loss in texturization process. The MAAE method pro-
posed for SiNPs texturization is an all-solution-processed method 
and fully compatible with the existing production lines. The high 
VOC is achieved by employing the industrialized SHJ technique 
that features high passivation quality. By experimental and simu-
lation investigation, it is found that the SiNP-textured ultrathin 
SHJ solar cells possess quasi-omnidirectional EQE performance, 
benefiting from the quasi-omnidirectional light absorption char-
acteristic. Considering the fact that the sun moves constantly and 
thus θ varies with time, the SiNP-textured ultrathin solar cells 
show a great potential to produce higher all-day output power 
than the SiMP-textured ones. With an attempt to further reduce 
cost, we have also implemented a direct copper metallization in 
replacement of silver metallization on the front side of ultrathin 
solar cell. It is expected to surpass silver metallized ultrathin solar 
cell after optimization, showing great potential for achieving high 
efficient ultrathin solar cells with lower cost.

4. Experimental Section
Ultrathin c-Si Wafers Fabrication and Surface Texturization: The ultrathin 

c-Si wafers with thicknesses of about 40 µm were obtained from 165 µm 
thick n-type Czochralski (Cz) c-Si wafers with a resistivity of 1–7 Ω cm, 
through being immersed in NaOH solution with a concentration of 
10 wt% at 83 °C for 60 min. After that, two different surface texturizations 
were carried out. For fabricating nanotexture, ultrathin c-Si wafers were 
first immersed in a mixed solution of AgNO3 (5 × 10−3 m) and HF 
(4.7 vol%) for 5 s to deposit Ag nanoparticles on the surfaces. Then, 
the ultrathin c-Si wafers were etched to form SiNPs in an alkaline 
solution containing 1.1% NaOH and 6.3 vol% IPA at 65 °C for 20 min. 
Ag nanoparticles were completely removed by rinsing the samples in 
dilute HNO3 solution (volume ratio 1:1 with deionized water) for 10 min. 
Microtexture was prepared by etching the ultrathin Si wafers in an alkaline 
solution containing 1.1% NaOH and 6.3 vol% IPA at 83 °C for 30 min.

Ultrathin c-Si Solar Cells Fabrication: The ultrathin c-Si wafers with two 
different surface textures mentioned above were cleaned by RCA cleaning 
procedure to remove residual metallic ions and SiO2. After that, i a-Si:H 
films (≈5 nm) were deposited by plasma-enhanced chemical vapor 
deposition (PECVD) on both sides of the wafer to enable high-quality 
interface passivation. Subsequently, n a-Si:H layer (≈5 nm) and p a-Si:H 
layer (≈15 nm) were deposited on the front side (i.e., illumination side) 
and back side as electron-selective and hole-selective layers, respectively. 
After that, IWO layers with thickness of 80 nm were deposited on both 
sides as TCO layers by reactive plasma deposition (RPD) process. Then 
Ag film with thickness of around 300 nm entirely covered the back side 
as positive electrode and optical reflection layer. Ag grids, as negative 
electrode, were deposited on the front side through a shadow mask, 
each finger of which had width of about 100 µm and height of about 
600 nm. The spacing between fingers was about 1.8 mm. The positive 
and negative electrodes were both formed by electron beam evaporation. 
Finally, an air-annealing process was performed at the temperature of 
200 °C for 30 min.

Adv. Electron. Mater. 2019, 1800858
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In addition to Ag metallization, replacing front Ag grids with C/Cu 
wires through multiwire technology was also tried,[27] the electrode on 
the back side was still Ag film. The C/Cu wires were soldered to the front 
TCO layer directly by heat pressing at 220 °C.

Characterization: The morphologies of front texture and cross-sectional 
ultrathin c-Si were investigated by field emission scanning electron 
microscopy. The reflectance, together with the EQE of the samples was 
measured via QEX10 (PV measurements). The minority carrier lifetime and 
implied VOC under different illumination intensity were measured by WCT-
120 (Sinton). The J–V performances of the solar cells were characterized 
by current–voltage tester under AM 1.5 illumination at 25 °C.

Simulations: Optical simulations were performed using the software 
FDTD to gain better insights into the difference of SiNP-textured and 
SiMP-textured ultrathin c-Si wafers. Substrate thicknesses of 37 and 32 µm 
were employed for SiNP-textured and SiMP-textured ultrathin c-Si wafers, 
respectively. For SiNP-textured wafer, 150 SiNPs were randomly distributed 
on a position of 5.7 µm × 4.0 µm region on x–y plane with pyramidal sizes 
of 0.2–1.5 µm. The ratio of height to bottom length of the Si pyramids 
was fixed to be 0.575, given that the angle between the slope facet and the 
bottom facet was 49°. For SiMP-textured wafer, 103 SiMPs were randomly 
distributed on a position of 34.2 µm × 24.0 µm region on x–y plane with 
pyramidal sizes of 0.8–10.0 µm. The ratio of height to bottom length of the 
Si pyramids was fixed to be 0.654, given that the angle between the slope 
facet and the bottom facet was 52.6°. In both cases, pyramids were partly 
overlapped as shown in the experimental results, and Bloch boundary in 
the x–y region was adopted for non-normal incident case. Besides, SiNx 
with a constant refractive index of 2 and a thickness of 80 nm was placed 
at both sides. Meanwhile, an Ag layer with thickness of 1 µm was placed 
at the rear side. The optical parameters of c-Si were extracted directly from 
the FDTD simulation software. The light source was a plane wave with a 
fixed wavelength of 900 nm and its polarization angle was set to be 45° 
as the result of averaging P polarization and S polarization. The θ varied 
from 0° to 60°. A power monitor was positioned above the light source 
to obtain the reflectance (Ref) and an absorption monitor was used to 
obtain the light absorption in the Ag layer (AAg), so the absorption in 
ultrathin c-Si was calculated by 1−Ref−AAg.
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A B S T R A C T

Effective surface passivation is one of the primary prerequisites for high-efficiency silicon solar cells. In this
paper, high-quality silicon dioxide (SiO2) films with excellent surface passivation abilities have been realized by
thermal oxidation and plasma-enhanced chemical vapor deposition, respectively. By employing SiO2 capped
with hydrogenated silicon nitride (SiNx:H) (SiO2/SiNx:H stacks) as the front passivation layers, the emitter sa-
turation current density has been reduced from 90.5 fA/cm2 to 62.3 fA/cm2. We have successfully mass-pro-
duced thermal-oxidized p-type Czochralski-Si (CZ-Si) solar cells with high conversion efficiency (η) of 20.1%,
which is 0.2% absolutely higher than that of the conventional Al back surface field (Al-BSF) solar cells. With a
rational design of process integration, we have further presented a cost-effective way to fabricate high-efficiency
SiO2 passivated emitter and rear cells (PERCs) at an existing production line. The introduction of SiO2/SiNx:H
stacks on the rear surface can effectively increase the long wavelength response and the rear surface re-
combination is also suppressed with a rather low surface recombination velocity of 26 cm/s achieved after a
post-annealing process. The industrial SiO2 passivated p-type CZ-Si PERCs possess outstanding performances
with the average η of 21.3% and the highest η of over 21.9%, absolute 1.3% increment in average η compared
with the conventional Al-BSF solar cells. Moreover, we have demonstrated that the relative low illumination
response (below 50W/m2) loss of our SiO2 PERCs over a day is extremely limited to be less than 0.2%.

1. Introduction

Although silicon based solar cells have developed rapidly in the last
decade, the photovoltaic (PV) industry still occupies a rather low
market share, compared with that of the conventional coal power in-
dustry. There are lots of works lying ahead for us to reduce solar energy
cost and realize grid parity. Enhancement in the conversion efficiency
(η) of silicon solar cells with low cost is one of the most important tasks
in reduction of levelized cost of electricity in the PV industry. To
achieve high-efficiency silicon solar cells, a high level of surface pas-
sivation is a prerequisite. Passivated emitter and rear cell (PERC) [1],
which possesses excellent rear surface passivation, has been re-
developed rapidly in the past few years. Recent researches demon-
strated that aluminum oxide (Al2O3) capped by hydrogenated silicon
nitride (SiNx:H) is a promising candidate for the rear surface passiva-
tion of industry-dominated p-type silicon solar cells [2–5]. The

impressive passivation properties of Al2O3 is related to the combination
of a reasonable chemical surface passivation with a low interface trap
density and a field-effect passivation generated from a high density of
fixed negative charges [6–8]. Industrially relevant deposition techni-
ques for Al2O3 are atomic layer deposition (ALD) and plasma-enhanced
chemical vapor deposition (PECVD). Huang et al. [9] have reported
industrial Al2O3 PERCs with η of 20.8%. Although ALD and the devel-
oped PECVD [10] devices have already been employed in some new
production lines in the current PV industry, the introduction of the new
devices to the existing production lines maybe not lucrative. It may take
a long time and a high cost to integrate the new devices and the old
ones to achieve a high compatibility. Moreover, the trimethylaluminum
(TMAl) precursor material is also costly.

The high-efficiency p-type silicon solar cells should also feature a
low recombination at the front surface. SiNx:H film is well known for its
good antireflection properties and is widely used in the silicon solar
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cells as a front surface antireflection coating (ARC) layer [11]. Never-
theless, the passivation effect of SiNx:H films is inadequate [12]. Al-
though the Al2O3/SiNx:H stack films perform excellent passivation ef-
fect on silicon surfaces, they are not suitable for passivating the front
n+ emitter of p-type silicon solar cells as an inversion layer will be
formed. The inversion layer is associated with a lifetime reduction at
low injection levels [13–15]. Moreover, it acts a sun desired conduction
pathway to metal contacts, depressing the solar cell performance via
the open circuit voltage (VOC), short circuit current (ISC) and fill factor
(FF).

Another candidate for the silicon surface passivation dielectric films
is silicon dioxide (SiO2) and SiNx:H stacks (SiO2/SiNx:H). Literatures
reported that a SiO2 layer helps to improve the passivation quality of a
textured front surface with emitters for both n- and p-type silicon sur-
faces, as well as the rear surfaces [16–21]. The SiO2 layer can effec-
tively passivate the dangling bonds on the Si surface and a low surface
recombination velocity (Seff) (~ 30 cm/s) is achieved after a post-an-
nealing process [18]. Additionally, SiO2 layers can be either grown by
liquid phase deposition (LPD), ALD, thermal oxidation, PECVD and
chemical oxidation processes [7,16,19–22]. Among them, thermal
oxidation and PECVD techniques are very promising for mass produc-
tion considering the cost-effectiveness and the compatibility with the
existing production line. By employing these methods, Gatz et al. [23]
and Munzer et al. [24] have developed industrial feasible PERC fabri-
cation processes, respectively. However, the promotion of the SiO2

passivation techniques in the industry is extremely limited, which may
be mainly due to the reduced response at low illumination levels [25]
and the limited η enhancement of SiO2 passivated solar cells.

In this study, we have successfully developed industrial feasible
SiO2 passivation techniques based on the existing production lines. By
employing thermal oxidization SiO2 capped with PECVD SiNx:H as the
front passivation layers, the emitter saturation current density (J0e) on
the front surface has been reduced from 90.5 fA/cm2 to 62.3 fA/cm2.
The average η of the fabricated thermal-oxidized p-type CZ-Si solar cells
reaches 20.1%, which is 0.2% absolutely higher than that of the con-
ventional Al back surface field (Al-BSF) solar cells. In addition, we have
presented a cost-effective way to fabricate high-efficiency SiO2 PERCs
by PECVD, which is highly compatible with the existing production
lines. By introducing SiO2/SiNx:H layers on the rear surface, a low Seff
of 26 cm/s is achieved. The industrial SiO2 PERCs exhibit high perfor-
mances with average VOC of 657mV, ISC of 9.86 A and η of 21.3%.
Compared with the conventional Al-BSF solar cells, absolute 1.3% in-
crement in η is achieved and the highest η of our SiO2 PERCs reaches
21.9%. Moreover, via a careful calculation with considering the varia-
tion of solar spectrum with time, relative low illumination response

(below 50W/m2) loss of our SiO2 PERCs over a day is expected to be
less than 0.2%, which is a great importance in the real application.

2. Experimental and simulation

P-type Czochralski-Si (CZ-Si) wafers with a size of pseudo square
156.75×156.75mm2 and p-type diamond wire sawn (DWS) mc-Si
with a size of 156.75× 156.75mm2, a thickness of 180 ± 10 µm and
resistivity of 1–3Ω•cm were used for this work.

2.1. Surface textures

For the CZ-Si wafers, industrial texturing method was followed,
namely, silicon wafers were etched in an alkaline solution containing
1.1% NaOH and 8 vol% IPA under the solution temperature of 83 °C for
30min. The surface texturing for the mc-Si wafers was produced in a
production line by employing a black silicon method, which has been
detailed in our previous research [26]. After the texturing processes,
industrial cleaning processes were employed to remove metal ion
contamination and oxide layer.

2.2. Fabrication of solar cells

The solar cell fabrication processes are shown in Fig. 1. For con-
ventional Al-BSF solar cells, the textured wafers underwent a standard
industrial solar cell fabricating process, including n-type diffusion with
POCl3 as diffusion source (M5111-4WL/UM, CETC 48th Research In-
stitute), edge isolation in HF/HNO3 solution (InOxSide, RENA), re-
moval of the phosphorous silicate glass (PSG) in dilute HF solution
(InOxSide, RENA), deposition of double SiNx:H layers on the front
surface by PECVD system (M82200-6/UM, CETC 48th Research In-
stitute), the fabrication of front and back electrodes by screen printing
technique (PV1200, DEK) and co-firing process (CF-Series, Despatch).
The composite refractive index of the double SiNx:H layers was 2.05 at
632.1 nm while the refractive index of the bottom SiNx:H layer was
2.18.

For thermal-oxidized solar cells, the wafers underwent the above-
mentioned standard industrial solar cell fabricating process together
with a thermal oxidation process by a Centrotherm diffusion furnace
(E2000) at 700 °C for 60min with two steps after removing the PSG.
The gas flow rates of N2 and O2 were 5 slm and 2 slm at the first step
while they were 6 slm and 1 slm at the second step. The thickness of the
SiO2 layer was nearly 2 nm. The composite refractive index of the
double SiNx:H layers was 2.05 at 632.1 nm while the refractive index of
the bottom SiNx:H layer was 2.15.

Fig. 1. Schematic illustration of the main steps for the fabrication (right) of the silicon solar cells, together with the diagram of the SiO2 PERC structure (left).
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For SiO2 PERCs, firstly, the stack SiO2/SiNx:H passivation layers
were deposited on the rear surface by PECVD at 450 °C after alkali
etching. The thickness of SiO2/SiNx:H stacks ranged from 0 to 300 nm.
After the texturization process, n+-emitter was formed on the front
surface during the diffusion process for about 100min at 800 °C. After
that, local line openings were formed by laser ablating (DR-LA-Y40, DR
Laser), followed by the PSG removing process and an annealing process
at 700 °C for 30min. The gas flow rate of N2 was 12 slm during the
annealing process. Then the stack SiO2/SiNx:H passivation layers were
deposited on the front surface by PECVD. Finally, the wafers underwent
the conventional screen printing and the co-firing processes.

2.3. Fabrication of the samples for recombination comparison

For the study of J0e, SiNx:H passivation layers (conventional AL-BSF
samples) and stack SiO2/SiNx:H passivation layers (thermal-oxidized
samples) were deposited on both surfaces of the textured and diffused
wafers. After that, the wafers underwent the conventional sintering
process without metallization.

For the study effective minority carrier lifetime (τeff) of SiO2 PERCs,
stack SiO2/SiNx:H passivation layers were deposited on both surfaces of
polished wafers, followed by an annealing process in air atmosphere at
500–800 °C for 30min. The τeff was measured at the injection density of
1× 1015 cm−3.

2.4. Characterization

The morphologies of the wafers were investigated by field emission
scanning electron microscopy (FE-SEM) (Zeiss Ultra Plus). The re-
flectance and quantum efficiencies of the solar cells were measured by
QEX10 (PV Measurements) system. Quantum efficiencies varying with
illumination intensity were measured by Enlitch-S6. Refractive index
and thickness of the SiNx:H layers were measured by an ellipsometer
device (SE400PV). Dopant concentration profiles of the phosphorus
emitters were measured by electrochemical capacitance voltage (ECV)
profiling (CVP21, WEP). Sheet resistance was measured by fourpoint
probes (280I Series, Four Dimensions Inc.) And the electrical para-
meters of the solar cells were measured under AM1.5 spectrum at the
temperature of 25 °C.

2.5. Simulation of current loss

The simulations of current loss were carried out by Cell Doctor
software developed by Solar Energy Research Institute of Singapore
(SERIS) based on the measured reflectance and quantum efficiencies of
the solar cells.

2.6. Simulation of optical absorption in Al-BSF

The simulations of optical absorption in Al back surface field (Al-
BSF) were carried out by the online wafer ray tracer (PV Lighthouse).
Stack SiO2/SiNx:H layers were set on both surfaces of the silicon sub-
strate. The thickness of the stack layers at the front surface was 80 nm
while it varied 0–450 nm at the rear surface. Pure Al layer was treated
as the Al-BSF in our cases, and the thickness of Al layer was 2 µm, which
guaranteed that no light can transmit through it.

2.7. Simulation of electrical field intensity

The electrical field intensity was numerically calculated by
Lumerical finite difference time domain (FDTD) software. The silicon
substrate thickness was set to be 10 µm. A single pyramid with a lateral
size of 4 µm was located at the front surface of silicon substrate. A
80 nm thick SiNx:H layer was covered on the surface of the pyramid and
250 nm thick SiO2/SiNx:H stack layers was located at the rear surface of
silicon substrate. While 200 nm thick Al layer was set at the bottom of

the rear SiO2/SiNx:H stack layers. The refractive index of Si, SiO2,
SiNx:H and Al were acquired from the website of PV lighthouse. Bloch
boundary in the x-y region and perfectly matched layers (PML)
boundary in the z-direction was adopted in our case. The light source
was a plane wave with a fixed wavelength of 750 and 1150 nm. The
polarization angle was set to be 45°, which will lead to the simulated
results the same with averaging those of P polarization and S polar-
ization.

2.8. Simulation of solar spectrum

The solar spectrum irradiances under clear-sky conditions at dif-
ferent dates and time were obtained by solar spectrum calculator on the
website of PV lighthouse. The module location was assumed to be in
Shanghai, namely latitude of 31° and longitude of 121°.

3. Result and discussion

3.1. Front surface passivation by SiO2/SiNx:H stacks

To evaluate the passivation effect of SiO2/SiNx:H stacks after for-
mation the emitter (the dopant concentration profiles of the emitters
are shown in Fig. S1 in the Supplementary information), we have car-
ried out the calculation of J0e based on the following equation [27]:

− = + +∆
J

qn D
N n1

τ
1

τ
1

τ
2 ( )

ieff Auger SRH

0e
2 dop

(1)

where τAuger and τSRH respectively represent the carrier lifetime related
to Auger recombination and Shockley-Read-Hall recombination, q the
electron charge, ni the intrinsic carrier density, D the wafer thickness
(≈170 µm in our cases), Ndop the doping concentration of the substrate
and Δn the excess carrier density. Through the linear fit of (1/τeff −1/
τAuger) with respect to the Δn, as shown in Fig. 2a, J0e is calculated to be
62.3 fA/cm2 for the thermal-oxidized samples, much lower than that of
90.5 fA/cm2 for the reference sample. The lower J0e of the thermal-
oxidized sample means lower carrier recombination at the front surface
and suggests a higher VOC.

In order to evaluate how the SiO2 passivation affects the solar cell
performances, we have compared the measured reflectance and internal
quantum efficiency (IQE) spectra of the fabricated thermal-oxidized
solar cells and the conventional Al-BSF solar cells, as illustrated in
Fig. 2b. The reflectance spectra of the two samples are nearly over-
lapped over the whole wavelength range, suggesting that the SiO2/
SiNx:H stacks little affect the optical absorption of the solar cells. While
the modified sample exhibits a higher IQE in the short wavelength
range from 300 to 500 nm (shown in the zoomed-in figure), indicating
that a better front surface passivation is achieved.

To further reveal the mechanism behind the results, we have carried
out the simulation of current loss based on the measured reflectance
and IQE data, as shown in Fig. 2c. Obviously, there is little difference in
base collection loss, parasitic absorption, front surface escape and ARC
reflectance loss of the modified sample and the counterpart, while blue
loss is significantly suppressed in our modified sample with a value of
0.08mA/cm2, which is 10% less than that in the counterpart. Note that
blue loss is a combined loss of recombination in the emitter and front
surface recombination. These results clearly demonstrate that the SiO2

layer provides a considerable chemical passivation effect on Si surfaces
and well plays the role of transition layer between SiNx:H layer and
silicon substrate, which is consistent with the results illustrated in
Fig. 2a.

3.2. Application of SiO2/SiNx:H stacks in the mass production of Al-BSF
cells

We have further applied the SiO2/SiNx:H passivation technique in
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the mass production of Al-BSF cells. Fig. 3a presents the distribution of
the measured current-voltage (I-V) parameters including open circuit
voltage VOC, short circuit current ISC, fill factor FF and efficiency η of the
thermal-oxidized CZ-Si solar cells against the conventional Al-BSF
counterparts (reference). Apparently, the performances of the thermal-
oxidized solar cells exceed the reference ones significantly. Compared
with the reference solar cells, the average VOC of the thermal-oxidized
solar cells is much higher with an absolute increment value of 3.5mV,
reaching 645.6 mV. Meanwhile, higher ISC with the average value of
9.40 A is also achieved, which is 60mA absolutely higher than that of
reference solar cells. Although there is a little decrease in FF, the
average η of the thermal-oxidized solar cells reaches 20.1%, possessing

an absolute increase of 0.2% over the reference solar cells with the
average η of 19.9%. Moreover, we have further mass-produced (~1000
pieces) mc-Si solar cells based on the thermal oxidation technique. The
distribution of the parameters VOC, ISC, FF and η of the thermal-oxidized
solar cells against the reference solar cells are shown in Fig. 3b. Ob-
viously, similar trend is also observed in mc-Si solar cells. By employing
SiO2/SiNx:H passivation on the front surface, the thermal-oxidized mc-
Si solar cells exhibit high performances with VOC of 639.3 mV and ISC of
9.09 A. And the average η reaches 19.0%, which is 0.1% absolutely
higher than that of the reference counterparts. These results presented
above demonstrate that SiO2/SiNx:H passivation can effectively en-
hance the solar cell performances no matter whether CZ-Si or mc-Si

Fig. 2. (a) Comparison of (1/τeff −1/τAuger) of the thermal-oxidized (SiO2/SiNx:H passivated) and the reference (SiNx:H passivated) samples, which are double side
textured and diffused. (b) Experimental reflectance and IQE spectra (300–1200 nm). (c) Simulated current loss of the fabricated solar cells.

Fig. 3. Measured I-V parameters of (a) thermal-oxidized CZ-Si solar cells against the reference counterparts and (b) thermal-oxidized mc-Si solar cells against the
reference counterparts.
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solar cells.

3.3. Rational design of the rear surface

Based on the results presented above, we have successfully im-
proved the front surface passivation and the spectral response of the
solar cells in the short wavelength range by the introduction of SiO2/
SiNx:H stacks on the front surface. However, to realize high-efficiency
silicon solar cells, it is also very important to improve the solar cell
properties in the long wavelength range by the rational design of the
rear surface. PERCs, which introduce a dielectric passivation layer on
the rear surface, can effectively enhance the longwave response of the
solar cells. SiO2/SiNx:H stacks were employed in our cases and sys-
tematic investigation was carried out.

Here, we have studied the electric field distributions in the con-
ventional Al-BSF cell (Fig. 4 a1&a2) and our design (SiO2/SiNx:H stacks
on the rear surface) (Fig. 4 b1&b2) at the incident light wavelength of
750 and 1150 nm, respectively. Note that shortwave light (< 950 nm)
can be easily absorbed at the front surface. As a result, the resonance
behaviors remain the same whatever the rear surface changes (Fig. 4 a1
&b1). When the incident wavelength is increased (i.e., 1150 nm), the
incident light cannot be totally absorbed by the silicon substrate due to
limited thickness and thus multiple inner reflection occurs (Fig. 4 a2&
b2). Obviously, the electric field distribution in our design is much
stronger, compared with that in the conventional Al-BSF cell. The re-
sults reveal that the rear SiO2/SiNx:H layers act as an inner reflector and
more longwave light can be reflected back to the silicon substrate,
which is beneficial to longwave spectral response of solar cells.

To further understand how the SiO2/SiNx:H stacks affect the long-
wave properties, we have carried out the simulation of the longwave
absorption in Al-BSF with rear SiO2/SiNx:H stacks varying from 0 to
450 nm, as shown in Fig. 5a. The optical absorption in Al-BSF decreases
rapidly with increasing thickness of the SiO2/SiNx:H layers. And it
reaches the minimum for SiO2/SiNx:H thickness of more than 200 nm,
which is owing to less penetration of evanescent waves and the di-
minishing parasitic absorption in Al-BSF [28]. Therefore, more light in
long wavelength can be reflected back into the silicon substrate and
increased optical absorption in silicon substrate is achieved.

In the real production, the planeness of the rear surface is of great
importance, which can be evaluated by measuring the surface re-
flectance. Fig. 5b displays the averaged reflectance of the rear surface
with different etching processes. Note that conventional acid etching
with the weight reduction of 0.15 g is employed in the production line.
Evidently, alkali etching presents preferable surface etching behaviors
compared with acid etching, when the weight reduction of the silicon
substrate is over 0.15 g. More importantly, alkali etching is 70% cost
less than acid etching, and shows better environment performance [29].
Note that 0.3 g is the appropriate weight reduction value in our cases,
which satisfies the planeness requirement, as well as the production
cost. The SEM image of the 0.3 g alkali etched sample is shown in the
inset of Fig. 5b. The size of the pyramid base is over 20 µm and the
averaged surface reflectance reaches 50%.

Based on the optimized rear surface etching, we have investigated
the optical behaviors of the silicon wafers with the introduction of
SiO2/SiNx:H layers on the rear surface, as shown in Fig. 5c. With in-
creasing the thickness of SiO2/SiNx:H layers on the rear surface, the
longwave reflectance increases dramatically and finally reaches the
maximum (about 55% at 1200 nm). These results are consistent with
the simulation results shown in Fig. 5a. Considering the cost-effec-
tiveness, SiO2/SiNx:H layers with ~ 15 nm SiO2 and ~ 85 nm SiNx:H on
the rear surface are adopted in our cases.

Besides the increased optical absorption in silicon substrate, SiO2/
SiNx:H layers can also effectively passivate the silicon surface to sup-
press the electrical losses of the solar cells after an annealing process.
Fig. 5d illustrates the influence of different annealing temperatures on
the τeff of the passivated silicon substrate. Compared with the acid
etched sample, the alkali etched one exhibits a higher τeff (~ 210 μs).
Furthermore, the surface passivation ability of the SiO2/SiNx:H stacks
can be further improved by a post-annealing process. The τeff of the
post-annealed samples are much higher than those of the as-deposited
ones, and reaches the maximum of 275 μs at the optimized annealing
temperature of 700 °C. This improved τeff may be attributed to the re-
construction of the Si/SiO2 interface which makes the dangling bonds
on Si wafer surface effectively passivated and the H passivation released
from SiNx:H [30], resulting in a low Seff of 26 cm/s, which is de-
termined by the following equation [31]:

Fig. 4. Electric field distributions in the silicon substrate without (a1&a2) and with (b1&b2) SiO2/SiNx:H stacks on the rear surface at the incident wavelength of 750
and 1150 nm, respectively.
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where τbulk presents the bulk recombination lifetime. Here, we only
consider the intrinsic τbulk according to the formula by Richter et al.
[32], and thus the calculated Seff represents the upper limit of the
surface recombination velocity.

3.4. 21.3% industry SiO2 PERCs

By employing SiO2/SiNx:H stacks as the passivation layers for both
the front and rear surfaces, we have mass-produced SiO2 PERCs in a
production line. We compare the reflectance, external quantum effi-
ciency (EQE) spectra and I-V parameters of the SiO2 PERCs with those
of the conventional Al-BSF solar cells in Fig. 6. As shown in Fig. 6a,
owing to the excellent surface passivation effect by SiO2/SiNx:H stacks
and the suppressed penetration of evanescent waves, our SiO2 PERCs
exhibit higher EQE in both short and long wavelength ranges, demon-
strating a stronger spectral response.

Fig. 6b illustrates the measured output parameters including VOC,
ISC, FF and η of the industrial SiO2 PERCs and the conventional solar
cells (about 10,000 pieces for each group). Compared with the con-
ventional Al-BSF counterparts, the average VOC of SiO2 PERCs is much
higher with an absolute increment value of 17mV, reaching 657mV.
The result suggests that the passivation for the both surfaces of the si-
licon substrate by SiO2/SiNx:H stacks effectively suppresses the elec-
trical losses. In addition, owing to the enhanced spectral response in
both short wavelength and long wavelength, high ISC with the average
value of 9.86 A is achieved, which is 0.46 A absolutely higher than that
of the conventional Al-BSF counterparts. Resulting from the high

performance of VOC and ISC, we have successfully produced high-effi-
ciency industrial SiO2 PERCs with an average η of 21.3%. Compared
with the conventional Al-BSF solar cells, absolute η increment of about
1.3% is achieved. Furthermore, the η distribution of the solar cells is
presented in Fig. 6c. The result shows that there is a lot of room for
improvement during the fabrication processes of SiO2 PERCs and the
average η can be further enhanced. Fig. 6d shows the I-V characteristics
of the best SiO2 PERC and the best conventional Al-BSF solar cell. The
highest η of our SiO2 PERCs reaches 21.9% and the maximum output
power is 5.36W on the wafer size of 244.32 cm2, which is 0.39W ab-
solutely higher than that of conventional Al-BSF solar cell.

3.5. Excellent behaviors at low solar irradiance

In the real application, with the rotation of the earth, it is also
highly necessary to understand the solar cell performances over dif-
ferent solar irradiances, which is relevant to the electric energy gen-
eration. We have measured the EQE of our SiO2 PERCs by varying the
solar irradiance, as illustrated in Fig. 7a. It can be seen that the EQE
spectra in the long wavelength decrease gradually with reducing solar
irradiance. When the solar irradiance is 50W/m2, the degradation in
EQE of our solar cells is barely visible. The EQE spectra of the 50W/m2

one and the 500W/m2 one are nearly overlapped. Nevertheless, the
decrease accelerates rapidly when the solar irradiance is lower than
50W/m2 and obvious EQE loss is observed. This phenomenon is mainly
due to the depletion condition introduced by the positive oxide charges
and the Si-Al work function difference, resulting in a high Seff at the rear
Si/SiO2 interface under low illumination [33].

To understand how the solar irradiance affect the solar cell per-
formances in the real application, we have evaluated the effective

Fig. 5. (a) Simulated optical absorption in Al-BSF with SiO2/SiNx:H stack layers deposited on the rear surface. (b) Averaged reflectance of the rear surface with
different etching processes. (c) Experimental reflectance spectra of the solar cells with SiO2/SiNx:H stacks deposited on the rear surface. (d) Measured τeff with respect
to different annealing temperatures.
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electric energy production of our SiO2 PERCs over a day in different
seasons by calculations with taking Shanghai (121°, 31°) as an example
of module location with a normal incidence. The detailed calculation
processes are shown in the Supplementary information (Fig. S2). The
relative low illumination response loss of our SiO2 PERCs is illustrated
in Fig. 7b. The impact of low illumination response on generating
electric energy over a day seems to be extremely limited. The relative
energy generation loss of our SiO2 PERCs is less than 0.2%, demon-
strating the excellent behaviors of the SiO2 PERCs at low solar irra-
diance.

4. Conclusions

In summary, we have mass-produced high-efficiency p-type CZ-Si
solar cells by employing SiO2/SiNx:H stacks as the front passivation
layers. The passivation quality of the front SiO2/SiNx:H stacks has been
evaluated from the J0e of the solar cell precursors. It has been reduced
from 90.5 fA/cm2 to 62.3 fA/cm2, resulting in a 10% reduction in blue
loss. Attributed to the high performance of VOC (645.6 mV) and ISC
(9.40 A), the average η of the thermal-oxidized p-type CZ-Si solar cells
reaches 20.1%, which is 0.2% absolutely higher than that of the con-
ventional Al-BSF solar cells. With a rational design of process integra-
tion, we have further presented a cost-effective way to fabricate high-

Fig. 6. Comparison of (a) reflectance and EQE spectra, (b) measured I-V parameters including VOC, ISC, FF and η, (c) distribution of η, and (d) I-V characteristics of the
SiO2 PERCs and the conventional Al-BSF solar cells.

Fig. 7. (a) EQE spectra of the SiO2 PERCs at the solar irradiance ranging from 1 to 500W/m2. (b) Relative low illumination response loss of the SiO2 PERCs over a
day.
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efficiency SiO2 PERCs at an existing production line. The introduction
of SiO2/SiNx:H stacks on the rear surface effectively suppresses the
penetration of evanescent waves in Al-BSF in the long wavelength, and
hence more light can be reflected back into the silicon substrate and be
re-absorbed. The rear SiO2/SiNx:H stacks also perform excellent surface
passivation effects and a rather low Seff of 26 cm/s is achieved after a
post 700 °C annealing process. Consequently, the industrial SiO2 pas-
sivated p-type CZ-Si PERCs possess high performances with average VOC

of 657mV, ISC of 9.86 A and η of 21.3%. Compared with the conven-
tional Al-BSF solar cells, absolute 1.3% increment in η is achieved with
the highest η of the SiO2 PERCs over 21.9%. Finally, we have demon-
strated that the impact of the low illumination response loss in the SiO2

PERCs on generating electric energy is extremely limited, via a careful
calculation with considering the variation of solar spectrum with time.
The relative low illumination response (below 50W/m2) loss of our
SiO2 PERCs over a day is expected to be less than 0.2%, which removes
the barriers in promoting SiO2 passivation techniques in the PV in-
dustry. We believe that the present work is promising to realize high-
efficiency silicon solar cells with low cost, especially for the existing
production lines.
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A B S T R A C T

Bifacial crystalline silicon (c-Si) solar cells have currently attracted much attention due to the front high-effi-
ciency and additional gain of power generation from the back side. Here, we have presented n-type passivated
emitter and rear totally-diffused (n-PERT) bifacial c-Si solar cells featuring front selective emitter (SE) and
polysilicon (poly-Si) based passivating contacts. The SE formation was scanned with laser doping based on front
boron-diffusion p+ emitter. The poly-Si based passivating contacts consisting of nano-layer SiOx of ~1.5 nm
thickness grown with cost-effective nitric acid oxidation and phosphorus-doped polysilicon exhibited excellent
passivation for high open-circuit voltage. We have successfully achieved the large-area (156× 156mm2) n-PERT
bifacial solar cells yielding top efficiency of 21.15%, together with a promising short-circuit current density of
40.40 mA/cm2. Theoretical calculation has further demonstrated that the optimal thickness of SiOx nano-layer
will increase from 1.5 nm to 1.8 nm if the density of interface defect state decreases by one magnitude from
1×1010 cm−2/eV, and the cell efficiency can be improved up to 24.64% with open-circuit voltage over 0.720 V
by optimizing the parameters of functional materials and interface layers. The present work has indicated that
the commercialization of low-cost and high-efficiency n-PERT bifacial c-Si cells is possible due to the processes
compatible with existing production lines.

1. Introduction

Crystalline silicon (c-Si) based photovoltaic industry plays a more
significant role in renewable energy sources field year by year, where
high performance n-type passivated emitter and rear totally-diffused
(PERT) bifacial c-Si solar cells have been recently identified as a pro-
mising candidate. This is due to their ability to eliminate the light-in-
duced degradation caused by boron-oxygen complexes (Glunz et al.,
2001), which is a severe problem in p-type c-Si solar cell counterparts
(Rudolph et al., 2016; Fichtner et al., 2018), and to exhibit a lower
sensitivity to metal impurities contamination such as Fe, Cr, Co, W, Cu,
Ni, etc (Scht et al., 2007). More important is that the bifacial device
formed through a so-called “H-pattern” grid (namely a substitute for the
conventional full area Al print of monofacial counterpart) has capacity
of providing additional power generation gain of 10–30% from the rear
side (Fertig et al., 2016). The bifacial solar cell structure, combined
with the double glass module technology, is a perfect match with the

current industrial process for a better long-term reliability at a low cost.
The n-PERT solar cell conception was first proposed by Zhao et al.

(2002), at UNSW in Australia (cell size 4 cm2). In recent years, many
laboratories and research institutions have made satisfactory progress
in the exploitation of n-PERT bifacial c-Si solar cells, e.g., co-diffusion
or co-annealing to decrease the number of high temperature steps of
standard process (Blevin et al., 2014; Lanterne et al., 2015), ion im-
plantation or plasma immersion ion implantation of p+ emitters
(Lanterne et al., 2014; Kiefer et al., 2016; Lerat et al., 2016), selective
oxidation etch-back to remove dead layer and reduce contact-resistance
(Du et al., 2017; Buchholz et al., 2017), as well as chemical rounding
technology and SiO2/Al2O3/SiNx stacks to enhance antireflection and
passivation performance (Song et al., 2018; Huang et al., 2018). We
have recently presented simplified industrial processes to fabricate high
performance n-PERT bifacial solar cells by using boron tribromide
(BBr3) diffusion emitter and phosphorus (P) ion-implanted back surface
field (BSF) in conjunction with screen printed contacts (Lu et al., 2017).
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IMEC in Belgium has achieved the front average (44 cells) efficiency ƞ
of 22.4% with Ni/Ag co-plated contacts on both sides of large solar cells
(size 239 cm2) (Tous et al., 2017). The bifacial n-PERT solar cells are
now mass-produced in Chinese photovoltaic companies of Yingli,
Shanghai Shenzhou, Jolywood and Linyang with the front efficiency
over 21% and bifaciality factor of 80–85% (size 6 in.).

However, the conventional n-PERT solar cells still face an improved
bottleneck of cell efficiency which mainly lies in the carrier re-
combination loss at the metal/semiconductor Schottky contacts (Edler
et al., 2015; Roemer et al., 2014; Cuevas et al., 2014). It is clearly de-
sirable to expand the excellent passivation already demonstrated on c-Si
surfaces to underneath the metal. Hydrogenated amorphous silicon (a-
Si:H) or poly-Si based passivating contacts structure based on “selective
blocking effect” (i.e., selectively block one carrier type while efficiently
transporting the other carrier type) are both the effective ways to
provide passivated contacts (Tanaka et al., 1992; Adachi et al., 2015;
Yoshikawa et al., 2017; Feldmann et al., 2014a; Richter et al., 2015,
2017; Stodolny et al., 2016; Rienacker et al., 2017). Compared with a-
Si:H heterojunction (deposition temperature is ~250 °C), the poly-Si
based passivating contacts not only have recently attracted attention for
their low recombination current densities (< 10 fA/cm2) with main-
taining sufficiently low contact resistivity, but also offer a considerably
improved tolerance to high-temperature back-end metallization pro-
cesses like screen printing and firing in n-PERT (Stodolny et al., 2016).
Also, a-Si:H layer possesses relatively higher defect density which sig-
nificantly reduces the cell short circuit current. The poly-Si based pas-
sivating contacts, e.g., tunnel oxide passivated contact (TOPCon),
conception was first put forward by Feldmann et al. (2013), at Fraun-
hofer ISE in Germany. Recent progresses on poly-Si based passivating
contacts include fabrication methods of ultra-thin silicon oxides (SiOx)
nano-layer, such as thermally or wet chemically grown interfacial
oxide, ozone-based oxidation and field-induced anodization technolo-
gies (Feldmann et al., 2018a; Moldovan et al., 2015; Tong et al., 2015;
Haase et al., 2018), carrier transport and recombination loss me-
chanism of interface passivating contacts between poly-Si and SiOx

(Feldmann et al., 2018a; Lozac’h et al., 2018; Feldmann et al., 2018b;
Folchert et al., 2018), demonstration of better passivation effect of n-
tunnel-oxide passivating contact than that of p-tunnel-oxide passivating
contact (Feldmann et al., 2014b, 2014c), multicrystalline Si tunnel-
oxide passivating contact solar cells (Schindler et al., 2015, 2017,
2018), as well as the combination of poly-Si based passivating contacts
with interdigitated back contact structure (Peibst et al., 2014; Reichel
et al., 2015; Young et al., 2016; Haase et al., 2018). Institute for Solar
Energy Research has created the poly-Si based passivating contacts
solar cells with champion efficiency reaching up to 26.1% by applying
layer-selective laser process, as well as the cell efficiency of 25.7% for n-
PERT solar cells in Fraunhofer ISE (both sizes 4 cm2) (Richter et al.,

2017; Haase et al., 2018).
The combination of n-PERT bifacial and poly-Si based passivating

contacts must be an innovative and significative work for next gen-
eration c-Si based photovoltaic technology. Nevertheless, one of the
main challenges of c-Si solar cells with this composite structure lies in
the formation and integration of nano-scale SiOx dielectric layer on
routine large-area wafers. Existing studies have proved that if the
quality of silicon oxide is not good, the electrical performance of the
solar cells will be greatly reduced (Feldmann et al., 2018a, 2018b). In
this work, we have demonstrated the prospective n-PERT bifacial c-Si
solar cells featuring rear poly-Si based passivating contacts, together
with front laser doping selective emitter (SE). The laser doping was
performed to reduce carrier recombination on front borosilicate glass
(BSG) surface based on conventional B-diffusion p+ emitter for the
sheet resistance of 110Ω/□ (without low pressure diffusion equipment
to form high sheet resistance, such as more than 130Ω/□). Using the
cost-effective nitric acid oxidation (while thermal oxidation requires
specialized high-cost equipment), we have successfully grown nano-
layer (~1.5 nm) SiOx on large-area Si wafers with good uniformity and
densification. After proper edge isolation and high temperature an-
nealing, the properties of front and back configurations of the solar cells
were able to be optimized simultaneously (without interfering with
each other). The high performance large-area (156×156mm2) n-PERT
bifacial c-Si solar cells with poly-Si based passivating contacts have
been finally achieved in the process technologies compatible with
current industrial production lines with the champion efficiency of
21.15%. Theoretical calculation with AFORS-HET (Automat FOR Si-
mulation of HETerostructures) v2.5 agrees well with the experiment
data, where an effectively way has been found to increase the cell ef-
ficiency of reaching up to 24.64%.

2. Experimental and simulation details

As starting materials, we employed commercial-grade n-type
pseudo-square (156× 156mm2) (1 0 0)-oriented Czochralski (Cz) c-Si
wafers with an average thickness of 180 μm and resistivity of
0.5–3.0Ω⋅cm. Fig. 1(a) and (b) shows the schematic structure and main
production process, respectively, used in this study to demonstrate the
applicability of laser doping SE and poly-Si based passivating contacts
to high-efficiency n-PERT bifacial c-Si solar cells.

2.1. Fabrication of n-PERT bifacial solar cells with front SE structure (the
rear side was replaced by BSF)

For n-PERT bifacial solar cells with only SE structure (cell schematic
is omitted for clarity), firstly, the damage on both surfaces induced by
wire-cutting was etched of ~10 μm per side in NaOH solution (10% by

Fig. 1. (a) Schematic diagram and (b) main fabrication process of n-PERT bifacial c-Si solar cells with front p++ selective emitter and rear poly-Si based passivating
contacts. The solar cells featuring a diffused B-doped emitter passivated by SiNx:H antireflective coating using PECVD and by p++ selective emitter using laser doping
on the front side, together with the ultra-thin SiOx and n+ poly-Si by nitric acid oxidation and PECVD on the back side, respectively. Note that the green area was
designed for the front side, yellow area for the rear side, and blue area for both sides of the device in frabrication in both figures.
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volume) at 80 °C. After that, a wet-chemical process with alkaline so-
lution was applied to create the random pyramids surface texture, fol-
lowed by a standard wet-chemical cleaning sequence of RCA 1 and 2.
All the samples needed to undergo BBr3 diffusion back to back via a
conventional high-temperature tube furnace (E2000 HT 300-5,
Centrotherm, Germany), where only the outside of the wafers could be
effectively diffused. The p+ emitter with sheet resistance of ~110Ω/□
and junction depth of ~0.7 μm was then formed.

The front surface was subsequently subjected to local heavy doping
with nanosecond pulse laser for the wavelength of 532 nm and pulse
energy in the range of 80–300 μJ (TPC/TSC series, Tsemc, China), re-
sulting in rapid B-ions propulsion from the BSG layer into p+ emitter
and forming the p++ emitter. Note that the laser scanning lines location
corresponded to the fine screen-printed grid lines. The line width of
laser scanning (~160 μm) was required to exceed that of screen printing
(~50 μm) for the purpose of reducing the difficulty of electrode align-
ment as well as improving the efficiency in printing. Afterward residue
BSG layer was removed using diluted hydrofluoric acid solution (5% by
volume), followed by the plasma edge isolation and rear polishing
treatment with a mixture of hydrofluoric acid and nitric acid solution.

For the quasi-planar back side, P ions were implanted with an ac-
celeration voltage of 15 keV and a dose of 3.2× 1015 cm−2 (IonSolar™,
Kingstonesemi, China). And then, conventional oxidation process
(800 °C, 30min) was employed to activate dopants for the formation of
n+ BSF with the junction depth of 0.85 μm, sheet resistance of 37Ω/□
and surface concentration of ~2.19×1020 cm−3. Hydrogenated silicon
nitride SiNx:H (fixed thickness of 75 nm) antireflective coatings were
deposited on both sides by PECVD (SINA XS, Roth & Rau, Germany).
Finally, the front Ag/Al and rear Ag electrode grids were guaranteed by
screen-printed metallization (LTCC, Baccini, Italy), together with a co-
firing in an infrared belt-furnace (CFD-9024, Dispatch, USA).

2.2. Fabrication of n-PERT bifacial solar cells with rear poly-Si based
passivating contacts (no SE structure in the front side)

The n-PERT bifacial c-Si solar cells with only poly-Si based passi-
vating contacts were fabricated from the same Si materials (cell sche-
matic is omitted for clarity). For the front side, conventional BBr3 dif-
fusion with high-temperature tube furnace was employed to prepare p+

emitter after damage etching, alkaline texturing and RCA clean. The
specific operation process was consistent with the previous part, but
laser doping SE was not introduced here. For the polished back side,
ultra-thin SiOx layer was grown in boiled 68wt% nitric acid at 80 °C for
20min, then covered by poly-Si layer crystallized from 90 nm thick P-
doped a-Si:H layer using a parallel-plate PECVD with deposition tem-
perature of 250 °C (Pine-m-R-5, Ideal Energy, China) and annealing
treatment. Note that the final thickness of n+ ploy-Si was thinner than
90 nm after moving phosphorosilicate glass (PSG). The number of wa-
fers in each tray was fixed at 50. Subsequent steps such as the deposi-
tion of SiNx:H (fixed thickness of 75 nm) antireflective coatings on both
sides, front Ag/Al and rear Ag contact electrodes were also done to form
a complete bifacial c-Si solar cell.

2.3. Fabrication of n-PERT bifacial solar cells with both SE and poly-Si
based passivating contacts

The complete n-PERT bifacial c-Si solar cells with both SE and poly-
Si based passivating contacts were also manufactured to minimize the
carrier recombination loss and improve the interface passivation (see
Fig. 1(a) and (b)). Briefly, the front surface was first doped with boron
through high-temperature tube furnace to form p+ emitter, and laser
doping was subsequently employed to generate p++ SE through
pushing B-ions from BSG into Si layer. Then nitric acid oxidation and
PECVD were used to produce ultra-thin SiOx layer and as-deposited a-
Si:H layer at the back side. A high-temperature P-diffusion and an-
nealing treatment should be adopted to facilitate the crystallization

from a-Si:H into n+ poly-Si. Finally, we deposited SiNx:H antireflective
coatings on both surfaces, Ag/Al and Ag contact electrodes on front and
back surfaces, respectively. The detailed production process of each
step had been mentioned above.

2.4. Characterization

The thickness and refractive index of SiNx:H and SiOx layers were
extracted from spectroscopic ellipsometry (400 adv-PV, Sentech,
Germany). The doping profiles in p++ SE and n+ poly-Si based passi-
vating contacts were measured by electrochemical capacitance-voltage
(ECV) profiling (CVP21, WEP, Germany), and the sheet resistance were
determined by 4-point probes (280I Series, Four Dimensions Inc., USA).
The external quantum efficiency (EQE) was received on the platform of
quantum efficiency measurement (QEX10, PV Measurements, USA).
The implied open-circuit voltage (implied-VOC) and effective minority
carrier lifetime (τeff) of the cell precursors were obtained by quasi-
steady-state photo-conductance (QSSPC) method (WCT-120, Sinton
Instruments, USA) in the transient or generalized mode. The electrical
properties (VOC, short-circuit current JSC, fill factor FF, and energy
conversion efficiency ƞ) of n-PERT bifacial c-Si solar cells were mea-
sured under standard test condition with a steady-state solar cell I-V
tester (Industrial Vision Technology, VS-6820) equipped with a class
AAA solar simulator.

2.5. Simulation parameters setting

AFORS-HET v2.5 developed by Helmholtz-Zentrum Berlin is a very
powerful and professional numerical simulation tool for the hetero-
junction c-Si solar cells (e.g., poly-Si based passivating contacts solar
cell is also a heterojunction). On the one hand, carrier transport route of
solar cell with poly-Si based passivating contacts has one-dimensional
characteristic which is perfectly matched with AFORS-HET software.
On the other hand, carrier transportation through SiOx dielectric layer
can be described herein by two mechanisms: the thermionic-emission
and thermionic field model, as well as the hetero-interface quantum
tunneling model. The SiNx:H/c-Si(p+) and SiNx:H/poly-Si(n+) stacks
were modelled as MS-Schottky contacts, together with flat band of
metal work function being set in the front contact boundary. We em-
phasized further that the input parameters of the optical and electrical
layers were from the experimental data or default value in the software,
including the available c-Si wafer thickness of ~160 nm, n-type bulk
resistivity of ~1.5Ω·cm, p+ emitter with the peak substitutional dopant
concentration of 2×1019 cm−3 and junction depth of ~0.7 μm, as well
as refractive index (n) and extinction coefficient (k) of c-Si and SiNx:H
materials. The generation of electron/hole pairs can be described by
taking Lambert-Beer absorption into account. Note that the bandgap
narrowing effect had already been considered in this calculation mode.
The specific solar cell parameters used in AFORS-HET simulation are
shown in Table 1, where d is the thickness, SRV the surface re-
combination velocity, Np+ the acceptor concentration, Nn and Nn+ both
the donor concentration, Ntr the density of bulk defect state, Dit the
density of interface defect state, Chi the electron affinity energy, Eg the
band gap, dk the relative dielectric constant, me and mh the effective
mass factor for tunneling of electron and hole, respectively, Dph the
pinhole density through the insulator layer (dimensionless unit), and
w/o means without.

3. Results and discussion

3.1. Influence of front laser doping SE on cell performance

As we know is that carrier recombination in doped regions of a solar
cell places a major limit on its performance. The front emitters doped
heavily under metal contacts can offer a route toward lower re-
combination and higher efficiency via low resistivity Ohmic contact

D. Ding, et al. Solar Energy 193 (2019) 494–501

49648



(i.e., band-bending effect), which is different from the emitter doped
relatively lower between metal contacts reducing losses from Auger
recombination. Fig. 2(a-c) exhibited the front surface morphology of
silicon wafers swept by three kinds of laser with different energies of
groups G1-G3. The thin line width of swept area was about 170 μm. The
surface doping concentration and doped junction type were measured
by CVP21 after the surface BSG was removed with diluted HF solution.
Fig. 2(d) presented the wafer ECV dopant profiles of the laser doping SE
versus various laser energy groups of G0, G1, G2 and G3 without an-
nealing treatment. The laser energy of groups G1-G3 gradually in-
creased in the range of 80–130 μJ, while group G0 corresponded to the
reference group without laser doping. The SE regions of groups G1 and
G3 exhibited the surface concentration of ~0.85×1019 cm−3 and
~2.90× 1019 cm−3 with the junction depth h of ~1.08 μm and
~1.22 μm, respectively, while group G0 showed a great distinction for
the surface concentration of ~0.51×1020 cm−3 and the h of
~0.77 μm. Obviously, the higher the laser energy, the deeper the p-n
junction was pushed. Moreover, all the surface concentrations with
laser doping were lower than that without laser doping. The reason is
that plenty of B-ions were pushed deeper from the surface of localized
melting Si substrate under laser irradiation (Jaeger et al., 2011).

We have evaluated the influence of laser treatment on the perfor-
mance of n-PERT bifacial c-Si solar cells. Fig. 3(a-d) illustrated the
electrical parameters (VOC, JSC, FF, and ƞ) of solar cells with only front

SE (no poly-Si based passivating contacts in the back side) versus
groups G0-G3. The single-sided testing method was adopted to measure
the front electrical performance of solar cells (i.e., contacting the front
main grids of solar cells with metal probes, while the back side was
contacted using light-proof metal table), therefore the effect of back
lighting on the whole cells was excluded. Fig. 3(a) showed that the
average VOC of group G2 for ~0.645 V was higher than that of groups
G1 and G3, demonstrating a best selection for right power laser. The
group G2 had the optimal average JSC of 39.2mA/cm2 seen in Fig. 3(b).
For the lower laser energy, the built-in voltage is relatively weak
compared with group G2 due to shallower laser-doped emitter, while
the higher laser energy density disturbs silicon surface because of the
ablation of silicon and increases the surface recombination after laser
scanning. Moreover, thermal damage will be introduced into space
charge region for higher laser, leading to the enhancement of re-
combination current in the space charge region (Hopman et al., 2009;
Li et al., 2013). Improper laser doping would also increase the contact
resistance of Ag/Al paste/p+ emitter stack by changing the surface
doping concentration, resulting in a lower FF value shown in Fig. 3(c).
Fig. 3(d) finally illustrated that group G2 created the best solar cells
with the average ƞ of 20.15% and the top ƞ of 20.3%.

In order to analyze the effect of different laser doping irradiations
on properties of emitter area, we have further presented in Fig. 3(e) the
EQE and reflectance (R) in conventional n-PERT bifacial solar cells

Table 1
Input parameters of n-PERT bifacial c-Si solar cells with TOPCon stacks used for the simulation of optimized results.

Layers Default parameters

SiNx dielectric d=75 nm (front and back side)
Front contact boundary Standard Si 〈1 1 1〉 pyramids (54.74°), w/o absorption loss, fix metal work function to flat band
Flat band Schottky front interface MS-Schottky contact, front SRV=10 cm/s (fitted value from experiment, including laser doping p++ SE)
c-Si(p+) layer d=0.7 μm, Np+ = 2×1019 cm−3, Ntr = 1×1010 cm−3/eV
n-type c-Si layer d=160 μm, Nn=3.2×1015 cm−3, ρ=1.5Ω cm, Ntr = 8×109 cm−3/eV
Insulator SiOx (interface) Thermionic emission and thermionic field mode, d=1.5 nm, Chi=1.0 eV, Eg= 8.9 eV, Dph= 1×10-8, dk= 3.9, me= 0.98, mh= 0.49,

Dit = 1×1010 cm−2/eV
poly-Si(n+) layer d=90 nm, Nn+ = 3×1018 cm−3, Ntr = 2×1011 cm−3/eV
Flat band Schottky back interface MS-Schottky contact, rear SRV=1×105 cm/s
Back contact boundary Plane surface, w/o absorption loss, fix metal work function to flat band

Fig. 2. (a-c) Front surface morphology of silicon wafers and (d) ECV doping profiles of the front p++ selective emitter after different laser energy scanning without
annealing treatment. The ever-increasing laser energy of 80–300 μJ for groups G1-G3 acts on the front surface against the reference group G0 without laser doping.
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(with the back side set to n+ BSF structure without poly-Si based pas-
sivating contacts) versus these laser energies for the wavelength of
300–1100 nm. It can be seen that only group G2 contributed the EQE of
exceeding 60% in the short wavelength of 300–350 nm (see Fig. 3(f)),
indicating that the realization of higher utilization rate of front emitter
on photons of sunlight with G2 treatment (group G2 produced the
surface concentration of ~1.02× 1019 cm−3 and the h of ~1.12 μm as
shown in Fig. 2(d)). The influence of laser scanning on solar cell is not
only reflected in dopant profiles, but also in front emitter and its pas-
sivation. Another important function of laser doping is to reduce the
Auger recombination due to lower level emitter sheet resistance after
laser scanning in light trapping spectral region. The same conclusion
was drawn from the ƞ observation in Fig. 3(d). In addition, groups G1-
G3 exhibited the better EQE compared to group G0 in the middle-long
wavelength of 600–1000 nm. This may be due to the fact that the mi-
crometer-level pyramids can be converted to nanometer-level after
laser scanning, leading to a lower reflectivity and therefore higher
photon absorption.

3.2. Influence of rear poly-Si based passivating contacts on cell performance

Fig. 4(a) sketched the band diagram of poly-Si(n+)/SiOx/c-Si(n)
structure in thermal equilibrium. The P-doped poly-Si layer was sepa-
rated from c-Si substrate by an SiOx nano-layer which has the capacity
of reducing interface carrier recombination and preventing epitaxial
regrowth of the as-deposited a-Si:H layer during high-temperature an-
neal. We have theoretically analyzed n-PERT bifacial c-Si solar cells
with or without SiOx (band gap Eg of 8.9 eV) to assess the importance of
this ultra-thin insulating layer, as shown in Fig. 4(b). The density of
interface defect state Dit for solar cells with tunnel oxide layer was set
for 1× 1010 cm−2/eV (see in Table 1), while Dit of 3× 1011 cm−2/eV
for solar cells without tunnel oxide layer. The current-voltage (J-V)
curves exhibited that both JSC and VOC of solar cell with SiOx were

higher than those of solar cell without SiOx (the JSC was 1.34mA/cm2

higher, and VOC 28mV higher), supporting excellent carrier tunneling
function and rear passivation quality. Existing results also suggested
that this heterojunction structure with carrier selectivity can not only
improve the blue response compared to a-Si/c-Si heterojunction, but
also avoid the negative effects of high doping which are the causes of
the intrinsically higher losses for conventional homojunction tech-
nology (Ghannam et al., 2013). The band gap Eg of SiOx varies with the
degree of oxidation. Fig. 4(c) presented the comparison of J-V curves
for SiOx materials with different Eg values. It can be seen that the
tendency to reduce VOC was getting faster as Eg decreased, while JSC
remained constant. We have therefore drawn the conclusion that the
difference of oxygen content in SiOx affects the interface passivation.

A high-temperature treatment should be adopted to facilitate the
crystallization of as-deposited a-Si:H layer and to reduce the contact
resistance between the metal electrode and doped Si. The annealing
needed to be controlled to maintain the oxide’s integrity and abrupt
junction (i.e., dopant diffusion from poly-Si into c-Si layer should be
prevented or limited to a tolerable level), as well as the activation of P-
ions. In the experiment, we employed six annealing temperature/time
sets: 890 °C/20min (A-1), 910 °C /20min (A-2), 930 °C/20min (A-3),
890 °C/30min (A-4), 910 °C/30min (A-5) and 930 °C/30min (A-6).
Fig. 4(d) and (e) illustrated the corresponding implied open-circuit
voltage (implied-VOC and τeff) of the solar cell’s precursor (non-me-
tallization for the solar cell structure with conventional p+ emitter
without laser doping selective emitter). We can observe that increasing
the annealing temperature from 890 °C to 930 °C would improve the
implied-VOC at first for fixed annealing time of 30min, and then the
increasing trend becomes slower (a similar variation was also observed

Fig. 3. (a-d) Box plot of electrical parameters (VOC, JSC, FF and ƞ) for the bi-
facial c-Si solar cells after laser scanning. (e) Measured EQE and R of bifacial c-
Si solar cells against the wavelength of 300–1100 nm. (f) Measured EQE en-
larges the difference in the short wavelength of 300–350 nm. Note that the back
side of the solar cells was set to conventional n+ BSF structure without poly-Si
based passivating contacts. The line width of laser scanning is 160 μm, while
50 μm width for metallization grids.

Fig. 4. (a) Band diagram of the poly-Si(n+)/SiOx/c-Si(n) stacks in thermal
equilibrium. Modeled current–voltage (J-V) curves for n-PERT bifacial c-Si solar
cells (b) with or without rear SiOx insulating layer and (c) versus various energy
gap Eg values (2.9, 4.9, 6.9 and 8.9 eV) caused by oxygen content. (d) Implied-
VOC and (e) effective carrier lifetime τeff of the solar cell’s precursor with dif-
ferent annealing temperatures and annealing times (A-1: 890 °C/20min, A-2:
910 °C/20min, A-3: 930 °C/20min, A-4: 890 °C/30min, A-5: 910 °C/30min, A-
6: 930 °C/30min). Note that the intrinsic carrier concentration ni selected in the
test was 8.6×109 cm−3 and injection concentration Δn was 3.0×1015 cm−3.
(f) Tested doping profile of phosphorus in the back-sided poly-Si(n+)/SiOx/c-Si
(n) stacks to evaluate the performance of SiOx.
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in τeff), which was in keeping with the J-V curves for various Eg values
in Fig. 4(c). At the same time, the effect of annealing temperature was
found to be greater than that of annealing time. We finally achieved the
average implied-VOC of over 0.670 V and average τeff of over 275 μs
except group A-4.

As we know, when nitric acid or ozone-based oxidation is carried
out on the back surface of Si substrate, oxygen atoms can fully contact
with Si in reaction within the ultra-thin region away from the surface.
The resulting tunneling oxide layer is supported to have a higher den-
sity due to more saturated Si-O bonds (2.11 g/cm3 for nitric acid and
2.21–2.25 g/cm3 for ozone-based oxides) and has the composition close
to that of stoichiometric SiO2 (Moldovan et al., 2015; Sugita et al.,
1996; Moldovan et al., 2014). We implemented the Si wafers herein
covered by nano-layer SiOx with high Eg using nitric acid oxidation
processing. Fig. 4(f) presented the ECV P-doped profiles in poly-Si(n+)/
SiOx/c-Si(n) stacks after the annealing treatment of 910 °C/30min.
Apparently, the surface concentration of P-ions on the back side was
5.35×1020/cm-3 decreasing slowly as the doping depth h increases,
but sharply drop off in the depth range of 0.050–0.052 μm. This con-
firmed that the presence of insulating SiOx layer for the thickness of
~2 nm prevented the diffusion of P-ions from poly-Si into c-Si layer
(i.e., shielding effect). The thickness of SiOx layer was determined by
spectroscopic ellipsometry to be 1.5 nm thin. The concentration added
from 2.48× 1019 cm−3 to 6.15× 1019 cm−3 with the h changed be-
tween 0.0524 and 0.0623 μm, illustrating some P-ions still passed
through the insulating layer. The change of doping concentration dis-
tribution proved that this oxide layer has superior compactness and
could be used for poly-Si based passivating contacts.

3.3. Comprehensive impact of the SE and poly-Si based passivating contacts

The electrical parameters (VOC, JSC, FF, ƞ) of large-area
(156×156mm2) n-PERT bifacial c-Si solar cells featuring front laser
doping SE and rear poly-Si based passivating contacts have been taken
into consideration in Fig. 5(a-d). It can be seen from Fig. 5(a) that group
A-5 in 910 °C had the highest average VOC of ~0.660 V, while the de-
creased VOC would be occurred for group A-6 in 930 °C. This can be
mainly explained with the local disruption of tunneling SiOx nano-layer
(SiO2 accounts for the vast majority) in an oxygen-free ambient of
higher temperature based on the reaction of SiO2(s)+ Si(s)→ 2SiO(g),
where the s and g denote solid and gaseous phase, respectively. The
carrier-selective contact with a completely c-Si phase could not be

obtained (weaken the interface passivation) due to the balling-up of
oxide (break the integrity of oxide) (Feldmann et al., 2014a,c). More-
over, comparing Fig. 5(a) with Fig. 3(a), the top VOC of bifacial c-Si
solar cells with poly-Si based passivating contacts (VOC ~0.665 V) was
19mV higher than that of solar cells without poly-Si based passivating
contacts (VOC ~0.646 V), resulting in an increase in top efficiency of
0.9% (absolute value). This demonstrated that poly-Si based passivating
contacts played a significant role in interface passivation and carrier
transport.

Fig. 5(b) presented that the JSC of group A-5 was higher than that of
group A-2, while group A-4 exhibited reverse trend compared to group
A-1. This indicated that the higher temperature groups required longer
annealing times for better passivation quality than the low temperature
group. The FF in Fig. 5(c) showed the contrary trend compared to JSC.
The reason for FF limitation could be mainly ascribed to the following
points: carrier recombination in the space charge region and at the SiOx

rear passivation layer for the large asymmetry in capture cross-sections
(the cross sections of electrons captured by recombination centers are
much larger than that of holes, namely σn≫σp) affected by annealing
temperature (Feldmann et al., 2014b), and presence of pinholes in the
oxide. Therefore, the optimal annealing temperature had a compro-
mised selection. The eventual outcome verified that the average VOC of
large-area n-PERT bifacial c-Si solar cells in groups of A-5 and A-6 was
~0.660 V, and the average ƞ of ~20.7% (Fig. 5(d)), where the best
electrical properties (VOC ~0.665 V, JSC ~40.40mA/cm2, FF ~78.75%
and ƞ~21.15%) was achieved in group A-5.

3.4. Theoretical analysis for tunneling characteristics of SiOx layer

It is one of the challenges to prepare high-quality nano-layer SiOx on
a large-area Si substrate. We therefore needed to conduct an in-depth
analysis to the impact of SiOx on the performance of solar cells fea-
turing front B-diffused emitter with theoretical simulation to find out
the optimal SiOx structure. Noted that AFORS-HET is the one-dimen-
sional heterojunction simulation software, which cannot set up the two-
dimensional structure like laser doping SE. An approximate treatment
was adopted for SE, i.e., the simulated emitter junction parameters
would be set to keep consistent with those of experimental solar cells by
optimizing the surface recombination rate and B-doped sheet re-
sistance. In fact, the object of study herein is poly-Si based passivating
contacts, it is reasonable to keep a fixed value for front p+ emitter. P-
diffusion from the poly-Si layer into the c-Si substrate has not been
taken into account in the simulations. Fig. 6(a-d) presented the overall
electrical properties of the solar cells with various tunneling oxide
thicknesses d and densities of state Dit at the interface between SiOx and
poly-Si layers. The default parameters of the solar cells were listed in
Table 1. From Fig. 6(a), the VOC was found to be sensitive to Dit and
approached its upper-limited value and then basically stayed stable by
increasing d, for which the reason could be attributed to the suppres-
sion of leak current by oxide at a higher thickness. Fig. 6(b) displayed
that the JSC would decrease rapidly as d exceeded its threshold value,
proving the tunneling characteristics of carrier transport. The JSC
showed a rapid decline as d increased to 1 nm for the Dit of 1× 1012

cm−2/eV, while still maintained stable for the d reaching 2 nm with a
lower Dit of 1× 109 cm−2/eV. Comparing with JSC, FF was less sus-
ceptible to d and Dit, i.e., FF started to decay only at a larger d and lower
Dit (see Fig. 6(c)). The trends of Eff in Fig. 6(d) were similar to those of
JSC, demonstrating that the size of the tunneling current had a mo-
mentous impact on cell efficiency. At d=1.5 nm and Dit = 1×1010

cm−2/eV, the calculative efficiency is 21.17% (illustrated in Fig. 6(d)
with VOC= 0.664 V, JSC= 40.42mA/cm2 and FF=78.85%), close to
the best experimental result of 21.15% in group A-5 (see Fig. 5(d) with
VOC= 0.665 V, JSC= 40.40mA/cm2 and FF=78.75%). We can further
expect that the optimal thickness of SiOx layer will increase from
1.5 nm to 1.8 nm if Dit decreases by one magnitude from 1×1010

cm−2/eV, which is benefit to the process technology of poly-Si based

Fig. 5. Electrical parameters of (a) VOC, (b) JSC, (c) FF and (d) ƞ for the different
annealing temperatures and annealing times of groups from A-1 to A-6 (A-1:
890 °C/20min, A-2: 910 °C/20min, A-3: 930 °C/20min, A-4: 890 °C/30min, A-
5: 910 °C/30min, A-6: 930 °C/30min). The device structure was a complete
large-area (156× 156mm2) n-PERT bifacial c-Si solar cell featuring front SE
(laser energy of about 200 μJ) and back poly-Si based passivating contacts.
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passivating contacts solar cells.

3.5. Optimization

We have successfully achieved the large-area (156×156mm2) n-
PERT bifacial c-Si solar cells with poly-Si based passivating contacts
with over 21% efficiency and the best VOC of 0.665 V. However, it is
necessary and possible to find an effectively way to realize higher cell
efficiency with superior VOC, since the VOC values of good poly-Si based
passivating contacts solar cells have been reported exceeding 700mV
(Richter et al., 2017, 2018; Feldmann et al., 2014b). Some prerequisites
need to be taken into consideration to yield the highly efficient passi-
vated contacts for solar cells, i.e., excellent interface passivation and
efficiently doped layers to maintain the quasi-Fermi level separation in
c-Si for high VOC, and an efficient majority carrier transport for high JSC
and FF. We have analyzed in Fig. 7(a) the effect of poly-Si doping
concentrations Nn+ and densities of state Dit at poly-Si/SiOx interface
on VOC. It can be seen that the VOC was enhanced with increasing Nn+

or decreasing Dit, but no longer changed when it increased to a certain
extent. For example, the VOC was ~0.580 V for Nn+ of 3× 1018 cm−3

and Dit of 1× 1014 cm−2/eV, and then became stable after reaching
~0.668 V for Dit of 1× 108 cm−2/eV. This illustrated that if we only
optimize poly-Si based passivating contacts, it is difficult to obtain the
solar cells with superior VOC. In Fig. 7(b), the impact of dopant con-
centrations of front p+ emitter Np+ and densities of bulk defect state Ntr

of Si substrate on VOC was optimized. We can find the VOC would in-
crease to more than 0.720 V with the Ntr of 1× 108 cm−2/eV and Np+

of 2× 1021 cm−3 from the basis of ~0.670 V with Ntr of 1× 1011

cm−2/eV and Np+ of 2× 1019 cm−3, which proved that the front
emitter and substrate quality also had an important influence on VOC.
The JSC and FF can also be improved (omitted from the figure for
clarity) by further optimizing the surface recombination rate SRV, SiOx

thicknesses d and Si substrate resistivity ρ, resulting in an improvement
for the conversion efficiency ƞ as shown in Fig. 7(c) and (d). The var-
iation of rear SRV had little effect on the ƞ, while the ƞ increased from
~22% to over 24% for front SRV reducing from 1×105 cm/s to 10 cm/
s, with significant effect. Different ρ values had little effect on ƞ, but the
substrate with low resistivity was better. Based on the above optimized
parameters, the J-V and P-V curves of the n-PERT bifacial c-Si solar cells
were finally calculated, as shown in Fig. 7(e) and (f). Front ƞ can reach

24.64%, of which VOC= 0.724 V, JSC= 41.2mA/cm2, FF=82.6%, and
rear ƞ = 22.33% with VOC=0.722 V, JSC= 37.1 mA/cm2,
FF=83.4%. The decline of rear efficiency mainly stemmed from the
diminution of JSC, which can be ascribed to the position of poly-Si based
passivating contacts and the reduction in photon absorption from po-
lished back surface compared to the textured front surface. However,
the incident light both on front and back sides can bring a large amount
of gain compared to monofacial solar cells. We have noticed that Trina
solar recently reported the realization of large-area n-type crystalline Si
industry-TOPCon (i-TOPCon) solar cells with cell efficiency reaching as
high as 24.58% (Chen et al., 2019). This is in good agreement with our
theoretical prediction.

4. Conclusions

In summary, we have successfully fabricated the large area
(156× 156mm2) n-PERT bifacial c-Si solar cells with top efficiency
over 21% featuring front laser doping SE and back poly-Si based pas-
sivating contacts. The laser doping with appropriate energy can effec-
tively reduce carrier recombination as well as improve interface pas-
sivation due to the lower resistivity Ohmic contact under the metal
electrode area. The passivation quality of SiOx/poly-Si stacks grown
with nitric acid oxidation and PECVD technology, respectively, has
been evaluated from the implied-VOC and minority carrier lifetime τeff
of solar cell precursors, together with the theoretical simulation to in-
depth understand the nano-layer SiOx passivation mechanism. The re-
latively higher implied-VOC and τeff could be obtained via increasing the
annealing temperature or annealing time of from 910 °C/20min to
910 °C/30min or from 890 °C/30min to 910 °C/30min. Solar cell
would still maintain the high-efficiency for the SiOx layer of 1.8 nm
thick if the density of interfacial state Dit was decreased from 1×1010

cm−2/eV to 1×109 cm−2/eV. We have finally calculated the n-type

Fig. 6. Calculated electrical parameters of (a) VOC, (b) JSC, (c) FF and (d) ƞ for
different densities of interface state Dit (1× 109, 1×1010, 1×1011, and
1×1012 cm−2/eV) as a function of tunneling SiOx thickness d ranging from 0.4
to 2.2 nm. The fixed parameters of simulated front emitter junction would be
set to keep consistent with those of the experimental solar cells by means of
optimizing the front surface recombination rate and sheet resistance of p+

emitter.
Fig. 7. Effect of (a) different densities of interface state Dit and (b) densities of
bulk defect state Ntr of Si substrate on VOC of the n-PERT bifacial c-Si solar cells
with various doping concentrations of rear n+ poly-Si (3×1016, 3×1018 and
3×1020 cm−3) and front p+ (including p++ laser SE) emitter (2× 1017,
2× 1019 and 2× 1021 cm−3). Enhancing effect of ƞ versus various (c) rear
surface recombination rate SRV and (d) front SRV with different SiOx thick-
nesses d (0.6, 1.0, 1.4 and 1.8 nm) and Si substrate resistivities ρ (1.5, 3.5, 5.5
and 7.5Ω⋅cm). Top efficiency of (e) front side ƞ=24.64% and (f) back side ƞ=
22.33% of the investigated bifacial solar cells was finally obtained based on the
parameters previously optimized.
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bifacial solar cells with conversion efficiency of close to 25%, together
with the yield of superior VOC over 0.720 V, by means of optimizing not
only rear poly-Si based passivating contacts, but also front emitter and
Si substrate parameters. This demonstrated that the n-PERT bifacial c-Si
solar cells with both SE and poly-Si based passivating contacts have a
good development prospect for high-efficiency.
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ABSTRACT: Metal-assisted chemical etching (MaCE) has
been extensively studied as a cost-effective way to produce
silicon nano/micro structure arrays. However, it is hard to
keep the resultant morphologies of the nano/micro structures
exactly consistent with the original designs because the MaCE
process is affected by multiple factors, such as catalyst type,
etching solution, temperature, and the interaction with one
another. Here, we first proposed an etching model to address
the different MaCE behaviors of using Ag, Au, and Ag/Au as
catalysts. The model was then independently proven by
systematic experiments on the Ag/Au catalyst, with the Au film playing mainly as the frame and the lower Ag film boosting the
catalytic activity by increased tiny cavities. With the Ag/Au catalyst, silicon nano/micro arrays with smooth and controllable
morphologies from the bottom to the top surface can be successfully formed. Finally, fine-tuned silicon microwire arrays were
applied to produce radial junction solar cells, showing a 1.8% increase in absolute efficiency in comparison with the reference
cell made by a single metal catalyst. Our findings show that the modified MaCE with Ag/Au catalyst can be an effective way to
acquire shape-controlled solar cells with enhanced efficiency.

KEYWORDS: Au−Ag catalysts, metal-assisted chemical etching, silicon microwire arrays, solar cells, radial junction

■ INTRODUCTION

Owing to their extraordinary properties in optical manage-
ment, surface wettability, high aspect ratio, and so on, three-
dimensional (3D) silicon (Si) nano/micro structure arrays
have been widely studied and extensively applied in many
areas, such as photovoltaics (PVs), optical devices, biomedi-
cine devices, photoelectrochemical cells, and so on.1−6 In
terms of the fabrication procedure, solution-based wet etching,
especially metal-assisted chemical etching (MaCE), has been
successfully demonstrated as an easy-handling and cost-
effective way to produce a wide range of 3D Si nano/micro
structure arrays.7−12 In consideration of the requirements in Si
PV, the configurations of the 3D Si nano/micro arrays must be
well controlled to balance the gain by light trapping and the
loss by surface recombination. For example, tiny nanowire
arrays may always suffer from severe surface recombination
due to the large surface areas and the excessive defects derived
by the catalytic process. While, our recent works showed that
radial p−n junction can be more easily formed on the
microwires with relatively large diameters (large pitches), upon
it both surface and Auger recombination were effectively
suppressed.13 However, it was found that the uniformity and
quality of Si microwire arrays sharply declined with the growth
of pitch (distance between adjacent microwires), especially for
the pitches larger than 2 μm.14,15

In conventional MaCEs, Ag and Au thin films are two of the
most popular catalysts. The Ag film is not chemically stable in
etchant solution for Si microwires, and it will be dissolved as
the etching process continues running. The morphology of
resultant microwires should be varied along with the
configuration changes of the Ag films. Thus, the conventional
Ag-catalyzed chemical etching is most often used in fabricating
random Si nanowires.16−19 On the other hand, the Au film is
too compact to allow the etchant solution to penetrate
effectively, leading to uneven etching at edges (fast) and the
central section (slow). This uneven etching will become more
prominent with the growth of pattern size and hinder timely
refreshment of catalysts because the etchant has to pass
through a longer way to reach the middle region. Therefore, to
reduce the diffusion length of the etchant, small cavities were
always introduced into the basal plane of Au catalyst films by
either increasing the evaporation rate or adding tiny sphere
patterns.14,20 However, silicon nanowires will also be formed
during the etching process due to the presence of cavities in
the metal films. That is why the reported Si microwire solar
cells are always made from reactive-ion etching (RIE).6,21,22
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To fully boost the merit of MaCE, it is important to find a
way to increase the stability of the fabrication process as well as
to raise the quality of Si microwire arrays with large pitches.
Here, combining the rough property of thin Ag film and the
chemical stability of Au, we successfully fabricated a bilayer
Ag/Au catalyst film rich with tiny cavities. Meanwhile, etching
models for different types of metal catalysts were proposed to
understand the advantage of the Ag/Au catalyst in keeping
even etch and a smooth top surface. Following that with
systematically designed experiments, we further verified the
accuracy of the model on the Ag/Au bilayer catalyst film,
where the Au film acts as a framework and Ag particles
accelerate the etching rate through filling the tiny cavities. With
the Ag/Au bilayer film and the help of ethanol, high-quality Si
microwire arrays (2.4 μm pitch) were fabricated and continued
to construct radial junction solar cells. It showed obvious
enhancements among open-circuit voltage (Voc), short-circuit
current density (Jsc), and efficiency for the Ag/Au catalyst
derived solar cell over the one formed solely by the Au catalyst.
The modified MaCE method provided here may be beneficial
to the shape-controlled Si microwire solar cells.

■ EXPERIMENTAL SECTION
Fabrication of Silicon Micropillar Arrays. Double-sides

polished p-type (100) silicon wafers (1−10 Ω·cm, 400 μm thick)
were utilized in this work. First, 1.2 μm (or 2.4 μm) diameter
monolayer polystyrene (PS) spheres were deposited on the wafers
through the Langmuir−Blodgett (LB) method,23 and then the
diameter of spheres was reduced to around 1.0 μm (or 2.0 μm) by
reactive-ion etching (RIE) through adjusting the etching time with
fixed O2 flow at 60 sccm and power at 60 W. Here the etching times
for 1.2 μm-PS (or 2.4 μm-PS) are 45 s (or 90 s). Second, metal films,
such as the adhesive layer of 0.5 nm Ti and catalyst films of Au or Ag/
Au, were deposited sequentially on the PS spheres side by using
electron beam evaporation (E-beam) with a deposition rate of 0.5 Å/
s. Third, PS spheres were removed by chloroform with sonication, and
metal mesh will be formed on the wafers. At last, the samples were
immersed in the etching solution at room temperature, and then the
pillar structure can be achieved via this metal-assisted chemical
etching. In this study, the etching solution of the traditional method is
HF/H2O2/H2O = 5/1/20 by volume, while that of the modified
method is HF/H2O2/EtOH/H2O = 5/1/10/10 by volume. The
concentrations of HF and H2O2 are ∼4.8 and ∼0.4 M, respectively,
and EtOH is ethanol. The micropencil arrays were fabricated by a
multiple-cycle chemical etching process, and more details can be
found in the previous publication.24

Fabrication of Silicon Photovoltaic Devices. It is noted that a
planar region on the wafer surface was retained to carry on the later
processing step of depositing top electrodes (∼10% areas in total
front surface of device). As reported by our previous paper,25 this was
achieved by a photolithography protection and then exposed the rest
of the surface for fabricating corresponding pillar textures by using the
above-mentioned methods (fabrication of silicon micropillar arrays).
After that, the metal mesh was removed by aqua regia, following
which the samples were cleaned by the standard RCA process,26 and
then an indirect doping method13 with spin-on dopant (SOD) was
used to form the emitter layer on the surface of the pillar structure.
The whole diffusion process was implemented under the atmosphere
of O2 (375 sccm) and N2 (1125 sccm) for 30 min, and the diffusion
temperature was fixed at 850 °C. This diffusion process produced a
thin phosphorosilicate glass (PSG) layer with a quite uniform
thickness of 30−40 nm on the surface of silicon.13 This PSG layer was
directly served as a passivation layer, showing a satisfied passivation
quality. After that, back metal contact was formed by printing
aluminum paste on the rear side of the devices and following an
alloying process at 750 °C. Photoresist patterns were then fabricated
by the photolithography method for deposition of the top electrode.

Finally, the PSG layer exposed by the photoresist patterns was totally
removed by using 10 wt % HF solution, and the top electrode (Cr/
Pd/Ag) was fabricated by using the deposition and lift-off process.

Characterization. The morphologies of the samples were
conducted by a scanning electron microscope (SEM, Zeiss Ultra
Plus). Light J−V of solar cells was measured under a simulated AM
1.5 spectrum sunlight illumination and with an 0.5 cm2 effective
illumination area through a measurement mask. External quantum
efficiency (EQE) and reflectance spectra were measured by a
quantum efficiency system (QEX10).

■ RESULTS AND DISCUSSION
First, let us review the basic principle of MaCE.12 It is a
catalytic process with accelerated reduction/oxidation reaction
at the interface between silicon and metal catalysts. The
reduction reaction on oxidant (here is H2O2) catalyzed by a
metal film will generate and inject holes into the silicon surface.
The silicon near the interface of metal/silicon is then oxidized
by the holes and dissolved by HF. The etching rate is thus
determined by the diffused holes, and therefore it will be much
faster at the metal/silicon interface than the bare silicon
portions without metal coverage. That means the shape of
silicon textures may mainly depend on the pattern config-
uration of the metal catalyst. For example, in our experiment,
the Au mesh arrays will produce pillar arrays.
However, the etching results do not always straightforwardly

follow the initial patterns, whereas the etching shapes show a
high dependence on the employed metal catalysts. As shown in
Figure 1, the top-view SEM images of different catalyst films

(a−c) and the corresponding mechanism models (d−f) were
tentatively presented to explain the difference. Actually, a thin
Ti film was inserted as an adhesive layer between the metal
catalysts and silicon surface. Because the Ti will be easily
dissolved by HF during the etching process, it is convenient to
only mark the components of catalysts while omitting Ti in the
following description. First, we discuss the situation of the Ag
catalyst. It is well-known that Ag has a better chemical activity
and will be slowly dissolved in the HF/H2O2 etching solution.
As a consequence, the Ag film will gradually become isolated

Figure 1. Top-view SEM images of different catalyst films (a−c) and
corresponding etching models (d−f) of MaCE: 20 nm Ag film (a, d),
20 nm Au film (b, e), and 5/10 nm Ag/Au bilayer film (c, f). All scale
bars in the SEM images are 200 nm.
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Ag particles during the etching process, leading to the
appearance of Si nanowires between adjacent microwires
(see Figure 1d). Compared with Ag, the Au film has not only
good chemical stability but also good continuity, so the Au film
would be kept as a whole during the etching process. However,
an inherently negative effect of the compact Au Film is the
difficulty of penetrating the etchant (Figure 1b), leading to a
nonuniform distribution of fresh etching solution at the metal/
silicon interface during etching process. This will result in
uneven etching, where the etching rate at the edge of Au
pattern is much higher than that at the center (Figure 1e).
More importantly, this difference of etch rate will be passed on
to the final etching configuration. Meanwhile, at the Au/Si
interface, because of the difficulty of exchanging etching
solution, the oxidation of silicon and the consumption of
injected holes will be slowed down. That means a number of
excess holes will diffuse from the Au/Si interface to the top
surface of the microwire and then etch the silicon and form a
nanopore structure (see the top part of silicon in Figure 1e). In
other words, the compact property of the Au film partially
hinders the etching reaction of silicon at the Au/Si interface
and transfers a part of the etching reaction of silicon to the top
surface of the microwire, resulting in a rough top surface. For
the situation of the Ag/Au bilayer film, as shown in Figure 1c,
it is not as compact as the Au film, and the surface becomes
more rough. This indicates that there should exist amounts of
tiny cavities on the metal film, which will largely increase the
penetration of etching solution, facilitating quick exchange of
etching solution and uniform etching. Therefore, after using
Ag/Au bilayer as catalyst, we can expect to obtain high quality
silicon microwire arrays with a flat bottom plane and a smooth
top surface (Figure 1f).
As shown in Figure 2, we exhibit the etching results with the

traditional method (Figure 2a−c) and the modified method

(Figure 2d−f). Here the traditional method refers to Au as the
metal catalyst and HF/H2O2/H2O solution as the etchant,
while the modified method uses Ag/Au as the metal catalyst
and HF/H2O2/EtOH/H2O solution as the etchant. Here, the
purpose of adding EtOH in the modified method is to
eliminate the blebs engendered from the reaction. Figures 2b
and 2e are 2.4 μm pitch arrays, while others samples in Figures
2a, 2d, 2c, and 2f are 1.2 μm pitch arrays. From the SEM

images, we can clearly find that with the increase of pitch from
1.2 to 2.4 μm the flatness of the array’s bottom plane (blue
color) becomes worse in the traditional method, while that in
the modified method remains smooth. Meanwhile, the top
surface of 2.4 μm pitch microwire arrays in the modified
method (Figure 2e) is also obviously smoother than that in the
traditional method (Figure 2b). In Figures 2c and 2f, we also
exhibited examples of achieving 1.2 μm pitch micropencils with
different etching methods. From that, white spots and color
differences appear in the traditional method, while they are not
found in the samples from the modified method. That
indicates the modified etching method can produce uniform
pillar structures with smoother surface over the whole sample
scale. Therefore, from above experiments, the mechanism
models shown in Figures 1e and 1f were well proven.
To further understand the difference among them, SEM

images of the catalyst films after the etching process are shown
in Figure 3. The Au film is still compact and smooth (Figure

3a), while the Ag/Au bilayer film is relatively rough (Figure
3b). After using HNO3 to remove Ag component in the Ag/Au
bilayer film (Figure 3c), we can clearly see the tiny cavities of
the Au film, manifesting the accuracy of the mechanism model
in Figure 1f. In addition, to only study the influence of metal
catalyst to the etching rate, in the following experiments, the
same etching solution (HF/H2O2/EtOH/H2O = 5/1/10/10
by volume) was used. According to the cross-sectional SEM
image in Figures 3d, 3e, and 4f−h, the etching rate of MaCE
with different catalyst films can be calculated, as shown in
Figure 3f. It shows that the 20 nm Ag film (the first bar in
Figure 3f) has the largest etching rate up to 0.45 μm/min.
However, the resultant morphology by the Ag catalyst becomes
noticeably worse, and the amounts of the nanowire structure
were presented between each adjacent microwire (Figure 3d).
In contrast, the 20 nm Au film (the rightmost bar) has the
lowest etching rate of down to 0.05 μm/min, but the
microwire morphology produced is relatively better than that
from the Ag film. The Ag/Au bilayer films have a moderate
etching rate of in between the values of pure Au and pure Ag.
With the decrease of the Ag/Au ratio, the etching rate will be
reduced. For example, the etching rate was found to decrease
from 0.30 μm/min for 10 nm Ag/10 nm Au to 0.09 μm/min
for 2.5 nm Ag/10 nm Au.

Figure 2. Comparison of etching results from traditional Au catalyst
(a−c) and modified Ag/Au bilayer catalyst (d−f). SEM images of (a,
d) a micropencil with 1.2 μm pitch on polished silicon wafer, (b, e) a
micropillar with 2.4 μm pitch on polished silicon wafer, and (c, f)
photo images of micropencil with 1.2 μm pitch on a polished silicon
wafer. All scale bars in the SEM images are 1 μm.

Figure 3. (a−c) SEM images of different metal films after MaCE
process: (a) 20 nm Au film, (b) 5/10 nm Ag/Au bilayer film, and (c)
the remained Au film after removing Ag by HNO3. (d−f) The
measurements of etching rate. Cross-sectional SEM images for
measuring the etching rate of MaCE with different metal films: (d) 20
nm Ag film and (e) 20 nm Au film. (f) Etching rate of MaCE with
different metal films at room temperature. All scale bars are 200 nm.
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To clearly understand the main functions of Ag and Au in
Ag/Au bilayer film, the reaction results from the Ag/Au
catalysts with varied thickness were examined. Figure 4 shows
the top-view SEM images of the Ag/Au film with a varied
thickness on the silicon wafer and the corresponding
morphology of resultant microwire arrays (including cross-
sectional and top-view SEM images after 10 min etching).
From Figure 4a, one can see that the Au film can also form tiny
cavities when its thickness was reduced from 20 to 13 nm.
With the help of tiny cavities, the bottom surface of silicon
arrays produced by 13 nm Au is much flatter than the 20 nm
Au film (Figure 3e), except for a large number of tiny
nanowires between adjacent microwires. Meanwhile, the top
surface of the 13 nm Au derived microwires is still slightly
worse than the situation in Figures 4f and 4j, in which the
metal films contain 2.5/10 nm Ag/Au. Then, we further
studied the influence of the Ag film thickness in the Ag/Au
bilayer film, where we fixed the thickness of Au as 10 nm. From
Figures 4b−d and 4f−h, the roughness of the Ag/Au bilayer
film and the etching rate will increase with the growth of the
Ag film thickness. Meanwhile, in comparison to the

morphology of the top surface, as shown in Figures 4k,l, it
shows the roughness will become very important once the Ag
film is thicker than 10 nm. This is because the Au film is too
thin to well cover the thick Ag particles, facilitating the
dissolution and deposition of Ag on the top surface of the
structures through the redox reaction and then forming new
nucleation sites for etching. Therefore, considering the quality
and the etching rate, one optimized thickness of the Ag film is
5 nm. From the above studies, we concluded that the Au film
mainly plays the role of a frame, while Ag increases the tiny
cavities of bilayer films for realizing effective penetration of
etching solution and improving etching uniformity and
catalytic activity.
After well studying the difference of etching results caused

by different metal catalysts, we applied the pillar textures to
photovoltaics, as shown in Figure 5. Because only the Au
catalyst is difficult to fabricate silicon micropillar arrays with a
large pitch, we chose the 2.4 μm pitch pillar as the object in
this application. The schematic of Si microwire solar cells is
shown in Figure 5a. Note that the Si surface beneath the top
electrodes was not textured and always maintained a planar
state, which is beneficial for good contacts and better
conductivity. Details about how to reserve the planar surface
for metallization can be found in our previous paper.25 Figures
5b and 5c show the SEM images of pillar arrays fabricated by a
single Au metal catalyst and Ag/Au catalyst, respectively. The
pillar structure fabricated by the Ag/Au film is smoother than
that by the Au film, especially the top surface of pillar (see the
insets). The corresponding PV performances are shown in
Figure 5d and Table 1. To have a reference, we added a planar
solar cell with the same fabricating process in them. Even the
efficiencies of our solar cells are still not high enough
considering the immature manufacture and large shaded area
of the top electrodes; the results give obvious trends of
different structures. Through use of the Ag/Au bilayer film as
catalyst, Voc, Jsc, and η all have a large increase, from 564 mV,
31.9 mA/cm2, and 12.8% of the Au film case to 593 mV, 33.9
mA/cm2, and 14.6%, respectively. The Voc of pillar (Ag/Au)
solar cells is very close to that of planar ones, indicating a good

Figure 4. Top-view SEM images of Ag/Au bilayer film (a−d);
corresponding cross-sectional (e−h) and top-view SEM images (i−l)
of the etched Si microwire arrays. The thickness of Ag/Au is (a, e, i)
0/13 nm, (b, f, j) 2.5/10 nm, (c, g, k) 5/10 nm, and (d, h, l) 10/10
nm, respectively. Scale bars are 200 nm in (a−d) and 1 μm in (e−l).

Figure 5. Comparison of pillar textures with different methods in Si solar cells. (a) Schematic illustration of pillar textured solar cell. (b, c) SEM
images of 2.4 μm pitch silicon micropillar arrays fabricated by 20 nm Au film as catalyst (b) and 5/10 nm Ag/Au films as catalyst (c). (d) Light J−V
curves and (e) EQE as well as reflection spectra for the three kinds of devices. All scale bars in the SEM images are 2 μm.
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passivation on the surface of pillar (Ag/Au) structure. That can
also well be proven by measuring the dark saturation current
density (J0) and minority carrier lifetime through passivation
samples (more details are shown in Figures S1 and S2). Pillar
(Au) has the highest J0, ∼800 fA/cm2, while J0 for pillar (Ag/
Au) and planar Si are 300 and 85 fA/cm2, respectively. For the
minority carrier lifetime, pillar (Ag/Au) and planar Si both are
∼220 μs, which is twice as large as that of pillar (Au). This
result does indicate that a bilayer of Ag/Au catalyst can
fabricate a higher quality pillar structure, which is a crucial step
to obtain high quality passivation. Anyway, on the basis of one
example of using passivation strategy combining diffused N+-Si
layer and PSG layer, we have proven the pillar array from the
Ag/Au catalyst can render a passivation level even comparable
to the planar Si wafer. At the same time, we also exhibit the
corresponding EQE and reflection spectra in Figure 5e. From
the reflection spectra, the planar structure has the highest
reflection (>30%) over the whole spectrum, while the
reflection of pillar structures is only ∼11%. It should be
noted that the reflection of pillar (Au) is slightly lower than
that of pillar (Ag/Au) due to the presence of nanopores on the
top surface of pillar (Au). However, because of the nanopore’s
structure, it will also increase the surface area of the original
pillar structure, which may be the main reason leading to the
worst passivation of pillar (Au). More importantly, with the
formation of nanopores structure on the top parts of pillars, it
will increase the real doping depth of this region. That will lead
to the increase of Auger recombination.13,18 Therefore, at last,
pillar (Ag/Au) has a higher EQE compared with that of pillar
(Au).
It is well-known that a damaged layer enriched with defects

will be produced at the surface of nano/micro structure in all
fabrication methods, including MaCE using pure Ag catalyst,
the dry-etching method, and our MaCE using Ag/Au catalyst.
However, the thickness of the damaged layer is different. The
first two methods will produce a thicker damaged layer,
especially the first one due to the chemical instability of Ag.
Therefore, for the as-fabricated Si nanostructures, it is a
common way to improve their quality by using post chemical
treatments to partially remove the damaged layer.16 Compared
with MaCE with Ag catalyst, our Ag/Au bilayer film can well
limit the dissolution of Ag and largely reduce the thickness of
damaged layer. More importantly, from the measurement of
the lifetime in Figure S2, we can see the lifetime of pillar (Ag/
Au) is nearly close to that of planar Si wafer (without damaged
layer), reaching ∼220 μs. That indicates the damaged layer in
our method can be well controlled, and it nearly does not affect
the surface passivation quality. All the results showed above
indicate that the MaCE with Ag/Au bilayer catalyst could be
an effective way to produce high quality micropillars with
highly suppressed surface and Auger recombination.

■ CONCLUSION
In summary, a modified metal-assisted chemical etching
method with Ag/Au bilayer catalyst was presented to

successfully produce high quality (including flat bottom
surface, smooth top surface, and uniform height) silicon
micropillar arrays. The mechanism models of different metal
catalysts were analyzed and then confirmed through system-
atical experiments. It proven that the Au film in the Ag/Au
bilayer mainly plays the role of frame while Ag can accelerate
the etching process by increasing tiny cavities through the
bilayer film. With the help of tiny cavities, the effective
penetration of etching solution was realized in the bilayer film,
which increases the etching uniformity. Finally, we applied
pillar textures with traditional and modified methods to
photovoltaics, showing a champion efficiency of 14.6% for the
solar cells from modified method and 12.8% for the one from
traditional method. It indicates that the modified MaCE
method can obtain a high quality of silicon pillar arrays for
shape-controlled solar cells.
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High-Efficiency Interdigitated Back Contact Silicon Solar
Cells with Front Floating Emitter

Don Ding, Hao Lin, Hong Liu, Guilin Lu, Zhengping Li, Yueheng Zhang, and
Wenzhong Shen*

Silicon interdigitated back contact (IBC) solar cells with front floating emitter
(FFE-IBC) put forward a new carrier transport concept of “pumping effect” for
minority carriers compared with traditional IBC solar cells with front surface field
(FSF-IBC). Herein, high-performance FFE-IBC solar cells are achieved theoreti-
cally combining superior crystalline silicon quality, front surface passivation, and
shallow groove structure using 2D device model. The improvement of minority
carrier transport capacity is realized in the conductive FFE layer through opti-
mizing the doping concentration and junction depth. It is shown that the shallow
groove on the rear side of FFE-IBC solar cells can effectively enhance the carrier
collection ability by means of minimizing the negative impact of undiffused gap
or surface p–n junction. The high efficiency exceeding 25% can be realized on
silicon FFE-IBC solar cells with the novel cell structure and optimized cell
parameters, where the back surface field and emitter region width can be made
for the same with only a slight sacrifice of photocurrent density and conversion
efficiency. It is demonstrated theoretically that the realization of high-efficiency
and low-cost silicon IBC solar cells is feasible due to the increase of the module
fabrication tolerance.

1. Introduction

Silicon interdigitated back contact (IBC) solar cell conception
was first proposed by Lammert and Schwartz in the
1970s,[1,2] and now is one of the research hotspots of high-
efficiency solar cells. The most obvious advantage of IBC solar
cells is that metal fingers and busbars are completely removed
to the back side. On one hand, the short circuit current can be
enhanced due to increased incident photons. On the other

hand, the fill factor can also be improved
with decreased contact resistance through
optimizing grid line width. Many labora-
tories and research institutions have achieved
satisfactory results in the exploitation of sili-
con IBC solar cells in recent years, e.g., the
efficiency of 23.0% at Fraunhofer institute
for solar energy systems (ISE) in Germany
(2013),[3] 23.1% at ISFH in Germany
(2013),[4] 23.3% at IMEC in Belgium
(2013),[5] 24.4% at Trina Solar in China
and ANU in Australia (2014),[6] 25.0% at
SunPower in USA (2014),[7] and 25.04% at
Trina Solar in China (2018).[8] By combining
with heterojunction technology, Panasonic
in Japan realized heterojunction back
contact (HBC) cells of 25.6% efficiency (size
143.7 cm2) in 2014,[9] and Kaneka in Japan
has created a world record of 26.3% (2016)
and 26.7% (2017) efficiency in the large-area
(size 180.4 cm2) HBC silicon solar cells.[10,11]

We have recently presented simplified indus-
trial processes to fabricate high-performance
silicon IBC solar cells using screen printing

and cofiring technologies.[12]

The conventional IBC solar cell, despite its high efficiency,
also has electrical shading loss;[13] therefore, the back surface
field (BSF) width is generally controlled at about a quarter of
the width of the emitter to prevent a large number of carrier
recombination over BSF.[14] The inconsistency of BSF and emit-
ter widths results not only in strict patterning tolerances for proc-
essing but also has implications for the metallization. Equal
widths of both polarities would allow one to metalize the IBC
cell with blanket metallization technologies without the need
of an isolation layer. This couples with multistep doping technol-
ogies and high-temperature processes, making silicon IBC solar
cells currently cost about twice as much as the normal silicon
solar cells. The Dutch energy research centre of the
Netherlands (ECN) put forward a new cell concept “Mercury”
by introducing a conductive front floating emitter (FFE) to
increase patterning tolerances for interdigitated doping as well
as metallization, and using “pumping effect” of FFE for holes
generated above the BSF to depress the electrical shading.[15,16]

“Pumping effect” utilizes the voltage gradient in FFE layer to
enable the holes to transport a longer distance, allowing the
BSF width to be as wide as the emitter width without significant
loss in cell efficiency. Up to now, ECN and Fraunhofer
ISE have achieved the low-cost FFE-IBC solar cells with the
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top efficiencies of 21.1% and 22.4%, respectively.[17,18] Relevant
investigations have also made remarkable progress, for example,
the high negative charge density of dielectric Al2O3 has better
passivation performance for the FFE layer,[19–21] the p–n junction
of the overlapping formation of the emitter and BSF diffusion
zones leads to more carrier recombination,[18–20] FFE-IBC solar
cells show less efficiency loss at low illumination intensity than
standard p-type H pattern cells,[15,22] FFE-IBC solar cells have
higher conversion efficiency (Eff ) than n-type passivated emitter
rear totally diffused (n-PERT) cells under the same conditions.[23]

Although the IBC solar cells can yield more photogenerated
carriers as a result of the elimination for optical shading loss,
the carriers have various losses before being collected by the
electrodes,[24,25] such as Shockley–Read–Hall (SRH) loss, Auger
recombination, interface recombination, and non-ohm-contact
recombination loss. The continuous reduction of carrier recom-
bination losses has always been a subject for scientific research
institutions and enterprises.[26,27] We notice that the carrier
recombination loss over BSF region can be effectively lessened
via lateral hole transport in the FFE layer (i.e., restraining the elec-
trical shading loss), but the recombination loss can also occur
when minority carriers transport to the back side of the solar cells
(e.g., the recombination caused by undiffused gap or surface p–n
junction).[28,29] In this work, we have theoretically proposed ways
to improve the Eff of the FFE-IBC solar cells. One significant way
is to boost carrier collection probability by means of making
undiffused gap and surface p–n junction reduced or disappeared
completely with designed shallow grooves construction at the
back side. Photoelectric simulation shows that the optimal Eff
of the novel FFE-IBC solar cell can be over 25%.

2. Device Structure and Simulation Methods

Figure 1a1, a2 shows the schematic structure of the reference
silicon IBC solar cells and the investigated silicon FFE-IBC solar
cells with the doped FFE and shallow grooves. The introduction
of groove in the interdigitated distribution of emitter and BSF
can make the emitter doping and BSF doping located in the dif-
ferent positions from the rear surface, and avoid the repeated
usage for mask boards and decrease the process steps. This struc-
ture is different from that of Zhang and Yang,[30] whose design

focused on the application of increased emitter coverage caused
by deeper microgrooved base electrodes on front surface field
(FSF-IBC) solar cells. If the grooves reach several micrometers
deep or even more, they may greatly induce gap-induced recom-
bination at the back surface, as reported by Kamioka et al.[31] and
Ingenito et al.[32] Such case could be occurred in wet etching and
laser technologies for the purpose of etching back the emitter
from the region where the BSF will be fabricated. Shallow groove
(�1.0 μm deep), however, has the characteristic that the bottom
of emitter doping is in the same position as the top of BSF doping
through controlling the ablation strength and ablation time with
laser. As a result, the undiffused gap and the overlap between
emitter doping and BSF doping can both be avoided (i.e., from
the direction perpendicular to the back surface). Combining with
the FFE layer based on “pumping effect” located at the top of IBC
solar cell, the designed bottom shallow groove structure could
efficiently reduce the recombination of carriers to increase the
short-circuit current density (JSC) and facilitate the preparation
of low-cost and high-efficiency IBC solar cells. Figure 1b shows
the distribution of the cell efficiency and carrier lifetime (τbulk) in
silicon substrate for the superior IBC solar cells. We can see that
the more efficient IBC cells generally have a higher carrier life-
time. For the IBC cells to reach 29.4% limiting efficiency, the
carrier lifetime needs to be close to 30ms. The very high carrier
lifetime has been reported by literature for the n-type silicon of
lightly doped.[33]

We have simulated the main fabrication of the FFE-IBC solar
cell of n-type silicon wafer with a thickness of 100 μm and a resis-
tivity of 4.5Ω cm. The FFE conducting layer near the front sur-
face of silicon wafer was established by the p-type doping. Al2O3,
SiNx, and SiOx were utilized as passivation layer, antireflection
layer, and protection layer of the silicon solar cell for the thick-
ness of 20, 75, and 80 nm, respectively. Air/cell front interface
was texturized by smoothed pyramids for the base angle of
54.7� and the height of 2.0 μm, which was related to the adopted
wet-alkaline etching process. The minority carrier lifetime τbulk
was set to 10.0ms, which is the prerequisite for high-efficient
solar cells, and the previous best reported values could achieve
that high τbulk.

[7] Also, detailed influence of τbulk on cell perfor-
mance is shown in Figure S1, Supporting Information. Carrier
recombination in the interface between Al2O3 and pþ Si was set

22 23 24 25 26 27 28 29 30 31
0

7

14

21

28

35
Lifetime measured

bu
lk

(m
s)

Eff (%)

Fraunhofer ISE [3]

Trina & ANU [6]

SunPower [7,45]

Kaneka [9]

Top lifetime & Theoretical 
efficiency limit [7,9]

(b)

Lifetime fitted
(a1)

(a2)

Figure 1. Schematic diagram of a1) reference IBC solar cells and a2) FFE-IBC solar cells with the legends shown on the right. b) A distribution of carrier
lifetime and Eff for superior IBC solar cells. The red dotted line corresponds to fitted value for the experimental results.
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for the speed of 5 cm s�1 on account of the excellent chemical
passivation and field effect passivation.[34] Surface recombination
speed of 2� 103 cm s�1 was set for undiffused gap, as more
power loss can occur with inferior rear surface passivation
(see Figure S2, Supporting Information). Default value was
adopted here for the carrier recombination of other interfaces.
Table SI, Supporting Information, summarized the input para-
meters of device simulation, and the refractive index (n) and
extinction coefficient (k) of the stacks were taken from the
literature.[35]

Based on the device construction and software configuration
features, a modular two-step 2D numerical simulation was con-
ducted on FDTD solutions (optical simulations) and DEVICE
software (electrical simulations), as already successfully adopted
by Schnell et al. and Arjmand and Mcguire.[36,37] The first step
was to obtain the 2D map of the light absorption and optical gen-
eration rate inside the considered device based on 2D Maxwell’s
equations. The standard reference spectrum AM1.5G at 1 sun
irradiance (1000Wm�2) was introduced as the incident light
source. Vertical interfaces to the left hand and to the right hand
of the simulated domain had been modeled as perfectly reflect-
ing layers to prevent the escaping of light from lateral surfaces
and to ensure the periodicity of the symmetry element. The 2D
map of the photogenerated electron–hole pairs within the silicon
substrate extracted from the optical simulation was then directly
deployed into DEVICE software based on drift-diffusion models
for exact electrical characteristic calculations. Our modeling
approach required a more extended simulation domain for the
optical simulation and a tetragonal mesh with fine mesh size

of 0.1 μm in the front-textured morphology and the rear flat
groove structure for electrical simulations.

To account for resistive effects of rear side metallic grid
(fingers and busbars) from real 3D device to the simulated 2D
device, we assumed that current only flows though metallic
contacts and that these are equipotential regions. Moreover, a
particular calibration of physical models implemented in the
numerical Lumerical solutions’ simulator had been performed
according to sets of the state-of-the-art parameters,[38] as shown
in Table SII, Supporting Information. According to these, more
reasonable values were used to calibrate the doping-dependent
trap-assisted SRH bulk and surface recombination models
related to defects in the silicon substrate and at passivated
interfaces.

3. Photon Absorption and Electrical
Characteristics with FFE Layer

It has been proved in experiment that Al2O3 has superior pas-
sivation effect on boron-doped pþ FFE.[18,20,34] We have shown
the results in Figure 2a. Among the three deposition methods
of reactive sputtering, plasma-enhanced chemical vapor depo-
sition (PECVD), and spatial atomic layer deposition (ALD),
the third method can make the surface recombination rate
Seff drop to about 10 cm s�1. Based on this, the JSC is simulated
with various Seff for the two passivating interfaces of Al2O3/n-Si
and Al2O3/p

þ FFE as shown in Figure 2b. We can see that the
Al2O3/p

þ FFE interface has better passivation for the whole
range. Afterward, we varied the FFE doping concentration in

100

101

102

103 Before firing

Spatial
ALD

PECVD
Reactive

sputtering

S e
ff
 (

cm
/s

)

Al2O3/p+ FFE

(a)

After firing

101 102 103 104
0

10

20

30

40

50

Al2O3/n-Si

Al2O3/p+ FFE

Seff (cm/s)

J SC
 (

m
A

/c
m

2 )

(b)

400 600 800 1000
0

20

40

60

80

100

IQ
E

 (
%

)

1 1020 5 1019

1 1019 5 1018

1 1018 5 1017

FFE doping density (cm-3)

Wavelength (nm)

(c)

1018 1019 1020
23.0

23.2

23.4

23.6

23.8

24.0

24.2
(d)

E
ff

 (
%

)

FFE doping density (cm-3)

d = 0.3 m
d = 0.6 m
d = 0.9 m
d = 1.5 m
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þ Si. c) IQE of IBC solar cells versus different FFE doping densities in the wavelength of
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the range of 5� 1017–2� 1020 cm�3 and the simulated temper-
ature is always 300 K for room-temperature working solar cells.
Figure 2c,d shows the internal quantum efficiency (IQE) and Eff
for different FFE doping densities; the multifarious junction
depth d is also shown in Figure 2d. We can find that the
IQE decreases rapidly in the scope of the medium-short wave-
length (300–800 nm) with the increase of FFE doping densities
from 5� 1017 to 1� 1020 cm�3. This demonstrates that the
low-doped FFE can improve the utilization rate of silicon
absorption layer on photons of sunlight. However, sheet resis-
tance RS becomes larger with the decrease in FFE doping con-
centrations (i.e., from 30.5Ω□�1 with density of 1� 1020 cm�3

to 945.3Ω□�1 with density of 5� 1017 cm�3), leading to a
weaker lateral voltage drop in lower FFE doping density. The
reduction of average FFE voltage stem from a different built-
in voltage between FFE and base, which depends on FFE or base
doping. Hence, high-performance FFE-IBC solar cells could be
obtained through optimizing the doping concentration for the
FFE layer (Figure 2d), and the first-rank order of magnitude of
FFE doping is in the value of about 1–2� 1019 cm�3.

Furthermore, as shown in Figure 2d, the FFE-IBC solar cell
performance is enhanced for smaller doping depth with doping
density exceeding 1� 1019 cm�3, whereas the cell property is not
affected by doping depth with lower concentration doping. The
enhancement of Eff is profited from the FFE-IBC solar cells fab-
ricated on the emitter with a higher active boron surface concen-
tration and shallower junction depth (called front surface float
emitter). We know that high sheet resistance is in favor of the
short-wavelength spectral response in solar cells, leading to
the promotion of JSC.

[39] Nevertheless, excessively low junction
depth will not be considered in real solar cells without practical
significance. Based on the aforementioned discussion, the FFE
doping junction with depth of 0.6 μm with Gaussian distribution
function is selected for the extensive calculations, as shown in
Figure 2c.

4. Advanced Carrier Collection with Shallow
Grooves

For the back side of the FFE-IBC solar cells, Figure 3a shows that
the Eff is monotonically decreasing with the increase in gap

width, keeping constant the pitch of 1200 μm and 1/2 width ratio
of BSF to emitter in the simulation. We know that the variation of
resistivity trade-off in the rear region from longer gap could
degrade the value of FF of the solar cells.[25] In addition, due
to the lack of effective field effect passivation (i.e., preventing
the high density carrier from reaching the noncollection inter-
face), undiffused gap would usually result in heavily carrier
recombination.[28] In the investigation performed by Reichel
et al.,[29] it has been shown that even if the surface passivation
is excellent (i.e., the surface recombination rate near the gap
is close to 0 cm s�1), the local IQE in the undiffused gap and
BSF region on the rear side of IBC solar cells is lower than that
in the emitter region for a higher base doping concentration of
1� 1016 cm�3, leading to a corresponding loss in the JSC of
around 2mA cm�2. Notice that just the recombination rate at
the gap is changing. Figure 3b shows that the second-diode
recombination current J0 of rear p–n junction is enlarged with
ever-increasing junction densities per centimeter (the higher
the junction density, the lower the cell pitch). The value of J0
is larger than the dark saturation current (generally less than
1 nA cm�2), proving the existence of surface p–n junction recom-
bination. The J0 increases from 9.5 to 22.0 nA cm�2 versus
junction densities increase from 5 to 40 cm�1 for the Sgap of
50 cm s�1, indicating that the pitch cannot be too small. Many
previous theoretical studies have shown that the cell efficiency
increases with the decrease in pitch because the p–n junction
on the surface is not considered.[25,40]

Shallow groove structure is expected to overcome these short-
comings. The recombination rate at the gap here was set to be
larger than other interface due to the inferior passivation.
Figure 3c shows the change of the cell performance with the
depth of shallow groove for different junction densities. Due
to the emitter doping depth of 1 μm, the highest cell efficiency
is appeared for the groove depth of about 1.0 μm for maximized
carrier collection efficiency. Herein, the surface p–n junction
could be formed for the overlap of close range doping between
emitter and BSF when the groove depth is less than 1.0 μm, and
the deeper groove of larger than 1.0 μm would easily give rise to
undiffused gap, which both cause lower carrier collection. The
improvements of cell efficiency are even more pronounced with
higher junction density. The Eff would be increased by about
1.8% and 4.7% relatively with the groove depth changing
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1.0 μm for the junction density of 8.3 and 33.3 cm�1, respectively.
The corresponding electric field distributions have been shown
in Figure S3a2–c2, Supporting Information.

5. Effect of Shallow Grooves on FFE-IBC Solar
Cell Performance

We used the analysis method of a minimum of the total recom-
bination current density under illumination for short-circuit
condition to analyze the effect of emitter and BSF doping
concentration on cell efficiency. Figure 4a,b shows, respectively,
the influence of emitter and BSF doping concentrations at
both sides of shallow grooves on electrical property of the solar
cells. Reference groups are FFE-IBC solar cells with the struc-
ture of shallow grooves replaced by gaps. It is clear that both
emitter and BSF doping could improve FFE-IBC solar cell per-
formance with shallow grooves relative to that of solar cells with
gaps. Figure 4a shows that the VOC, FF, and Eff all have differ-
ent degrees of improvement with emitter doping less than
8� 1019 cm�3 on both solar cells, and more improvement
would be expected for solar cells with the shallow groove struc-
ture. One can consider that the apparent change trend of VOC

stems from the total saturation current density (i.e., surface,
SRH, Auger, and contact recombination current) in dark con-
ditions, and the FF increases by reason of a reduction of
the emitter sheet resistance. On the other hand, the VOC,

and Eff are descending as the emitter doping concentration
is larger than 8� 1020 cm�3 because the enhanced Auger
recombination has played a leading role due to the increased
boron concentration. In contrast, the JSC remains the same
trend due to the fact that the nearby carriers are not affected
by “electrical shading.” The Eff of FFE-IBC solar cells with
shallow grooves can finally increase from 23.2% to 24.7% for
the emitter doping density of 8� 1019 cm�3, which increases
by 6.5% relatively compared with the conventional FFE-IBC
solar cells.

It is shown in Figure 4b that the VOC, JSC, and Eff all monoto-
nously increase with the BSF doping densities. This is different
from the case of the emitter doping in Figure 4a that has origi-
nated from the enhancement of high–low junction built-in
potential with higher doping, leading to a reduced bulk recom-
bination current. The trend of FF of solar cells with shallow
groove, increasing first and thenmaintaining stability, stem from
the reduction of the BSF sheet resistance compared with change-
less FF of solar cells with gap. Overall, the Eff can still increase
from 23.0% to 24.4% for the BSF doping density of 2� 1020

cm�3, which increases by 6.1% relatively compared with the con-
ventional FFE-IBC solar cells.

6. Advantage of the FFE-IBC Solar Cells

Figure 5a,b shows the carrier transport and recombination loss
schematic diagram of the FSF-IBC and FFE-IBC solar cells with
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both shallow grooves, respectively. The FFE layer could pump
minority carriers above the BSF region and then quickly reinject
them into the base and transport to emitter region based on the
lateral voltage difference inside FFE layer (Figure 5b).[16,37]

Therefore, the recombination loss caused by electrical shading
and trap-assisted SRH (see Figure 5a) could be reduced to a mini-
mum. Figure 5c shows the optimized performance (VOC, JSC, FF,
and Eff ) of FFE-IBC solar cells, together with the FSF-IBC solar
cells for comparison. The horizontal coordinates are the width
ratio of BSF region to emitter region (namely Wnþ/Wpþ). We
know that the variation trend of VOC is determined by the ratio
of the photogenerated current to the reverse saturation current
(IL/I0).

[38] The increased proportion of BSF region in fixed pitch
could degrade the IL/I0, leading to a descending VOC. It is also
clearly shown that the JSC in both the FFE-IBC and FSF-IBC
solar cells decreases with the increase in the ratio of Wnþ/Wpþ,
and the latter decreases drastically. The degradation of JSC is
due to the higher “electrical shading” loss caused by wider BSF
region in both IBC solar cells for the fixed pitch of 1200 μm.
Therefore, the “pumping effect” arising from the FFE layer
weaken the carrier recombination loss strength, leading to a slow
JSC degradation. Nevertheless, the value of FF is related to the
power loss of solar cell series resistance.[39] The series resistance
in the calculation models here is very small, which have subtle

influence on the variation tendency of FF. As a result, Eff of
FFE-IBC solar cells and FSF-IBC solar cells decreases from
25.3% and 24.9% of 1/4 Wnþ/Wpþ, respectively, to 22.9% and
19.6% of 4/1 Wnþ/Wpþ. The former Eff decreases by 9.5% rela-
tively, compared with the latter of 21.3%, clearly demonstrating
that the high-efficiency FFE-IBC solar cells can improve, signifi-
cantly, the tolerability for the variation of Wnþ/Wpþ in IBC solar
cells. The simulation result was consistent with that of Dong
et al.[41]

The advantage of FFE-IBC solar cells over FSF-IBC solar cells
enables minority carrier transport over distances that are larger
compared with the typical BSF or emitter width, even though
the almost identical trends in cell performance curves can be
observed versus front surface recombination in Figure S4,
Supporting Information. The width of BSF region and emitter
region could be made for the same (namely 1/1 for Wnþ/Wpþ)
in FFE-IBC solar cells with only a slight sacrifice of photocur-
rent density and Eff. The conductive FFE layer enables equally
sized interdigitated doping patterns of positive and negative
polarities on the rear side, with similar cell pitch and efficiency
compared with FSF-IBC solar cells. Such a unit cell does not
account for important geometric features, such as busbars
and pads, edges or interruptions in metallization fingers for
IBC construction, which can lead to more freedom in the
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interconnection layout and increase the tolerances for the mod-
ule fabrication due to the allowable lower resolution processing
(e.g., standard screen printing).

7. Performance of the FFE-IBC Solar Cells

The front surface recombination rate in the interface of
Al2O3/p

þ FFE was set to 5 cm s�1, which is smaller than that
of Al2O3/n

þ FSF of 100 cm s�1 due to the superior passivation.
More detailed parameters setting is seen in Table SIII,
Supporting Information. Figure 6a,b shows the total power
losses calculated of 3.58 and 2.17 mW cm�2 for FSF-IBC solar
cells with gap and FFE-IBC solar cells with shallow groove,
respectively. It is found that defect-related bulk, emitter, and
BSF losses dominate losses in both solar cells. The front side,
rear BSF passivated, and gap losses (�10%) are relatively
smaller in FFE-IBC cells than that of FSF-IBC cells (�20%).
This mainly attributes to the superior passivation of Al2O3

to pþ silicon and the minimization from the negative impact
of gap. Noted that the emitter losses account for about the
same proportion as BSF losses due to the 1/1 for Wnþ/Wpþ
(the schematic diagram of silicon FFE-IBC solar cells is shown
in Figure 6c. Figure 6d shows the current–voltage (I–V )
and power–voltage (P–V ) characteristics of the optimized
FFE-IBC solar cells with shallow grooves for the maximum

VOC of 725.0 mV, JSC of 41.5 mA cm�2, FF of 83.4%, and
Eff of 25.1% (see in Table SIV, Supporting Information, the
comparison).

8. Conclusions

In summary, we have shown theoretically the high efficiency of
25.1% silicon FFE-IBC solar cells with improved crystalline silicon
quality, front surface passivation, and novel shallow groove struc-
ture. Minority carrier lifetime and resistivity of silicon substrate
have been studied and optimized. Al2O3/p

þ FFE interface can
bring excellent passivation effect. The effect of FFE conductive
layer on optical and electrical properties of IBC solar cells has been
evaluated by changing the FFE doping concentration and junction
depth. With the optimized FFE layer, we have demonstrated that
the shallow groove can effectively enhance the carrier collection
through minimizing the negative impact of undiffused gap or sur-
face p–n junction. Furthermore, the novel silicon FFE-IBC solar
cells can enable minority carrier transport over distances that are
larger compared with the typical BSF or emitter width. The width
of BSF region and emitter region could be made for the same in
the silicon FFE-IBC solar cells with only a slight sacrifice of pho-
tocurrent and Eff, leading to more freedom in the interconnection
layout of busbars and pads, edges, and metallization fingers. The
improvement of the cell fabrication tolerance can make the silicon
IBC photovoltaic system a cost-effective energy solution.
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A B S T R A C T

Single junction crystalline silicon (c-Si) solar cells featuring a conventionally doped interdigitated back contact
heterojunction (IBC-SHJ) structure has approached a record efficiency of 26.6%, which is very close to the
practical limit. However, integrating the interdigital p- and n-type amorphous silicon (a-Si:H) layers on the rear
surface of Si substrate is of such complexity, posing problem of heavy dependences on expensive manufacturing
techniques including plasma-enhanced chemical vapor deposition and photolithography. Its commercial po-
tential is thus always being questioned, and to seek an alternative fabrication procedure, which adapts to cost-
effective deposition parallel with simple patterning characteristics, has been a primary research target of related
subjects. Here, we demonstrated 20.1% efficiency dopant-free IBC-SHJ solar cells by combining evaporated
carrier-selective materials (MoOx and LiFx) and two-steps hard masks alignments, delivering substantial sim-
plifications in the architecture and fabrication procedures. We investigated the effect of intrinsic a-Si:H films
with different thicknesses on the passivation and contact resistance for both a-Si:H/MoOx and a-Si:H/LiFx
contacts, showing 4 nm a-Si:H is better for high efficiency IBC-SHJ solar cells. We also found that the position of
the metal target (electrode definition step) and isolation in between the busbar and the Si substrate are highly
relevant to leakage and recombination and have great impact on the device performance. The dopant-free IBC-
SHJ solar cells demonstrated here manifest enough confidence in our hard mask based fabrication procedure,
with great potential for high performance-to-cost ratio in future.

1. Introduction

Interdigitated back contact silicon heterojunction (IBC-SHJ) solar
cells combine the advantages of both IBC and SHJ structures, posing a
great potential for extremely high power conversion efficiency (PCE)
[1]. At present, crystalline silicon (c-Si) solar cells with IBC-SHJ
structure have achieved a record PCE of 26.6%, which is very close to
the practical PCE limit (around 29%) for single-junction solar cells [2].
The IBC structure can achieve high short-circuit current density (Jsc) by
eliminating metal grid shading at the front surface, and the SHJ
structure can provide high open-circuit voltage (Voc) due to the ex-
cellent passivation from intrinsic hydrogenated amorphous silicon (a-
Si:H) on the c-Si surface. This class of doped IBC-SHJ solar cells is the
focus of breakthrough on efficiency in the current and future. However,
excessively complex manufacturing processes and intolerant to high
temperature annealing procedure (required by metallization) raise

concerns about their high-volume production. The complex processes of
doped IBC-SHJ solar cells are mainly derived from the formation of
interdigitated p- and n-type a-Si:H strips, which are usually im-
plemented by multiple photolithographic patterning, as well as several
wet-chemical etching and cleaning processes. In addition, the photo-
electric losses inherent to the doped layers themselves restrain further
promotion on efficiency. Thus, cost-competitiveness of IBC-SHJ largely
relies on development of low-complexity processing and industry-re-
levant fabrication methods as well as new functional materials corre-
sponding to them.

Recently, the emerging carrier-selective materials seem to be ideal
candidates for easily constructing IBC-SHJ solar cells, because they can
always be processed by low-temperature evaporation or even spinning-
coating. By well selection of the functional materials as well as smart
designs of the band alignments, effective carrier-selective contacts
aiming to extract only one-type of carrier (holes or electrons) while
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blocking the other are achievable without using the doped p- or n-type
a-Si:H. So far, many alternative materials have been developed suc-
cessfully, including organic polymers [3–6] and transition metal oxides
(TMOs) [7–11], [e.g., molybdenum oxide (MoOx), vanadium oxide
(VOx) and tungsten oxide (WOx)], as hole-selective contacts and metal
oxides [12–15] [e.g., magnesium oxide (MgOx), titanium oxide (TiOx)],
alkaline salts [16,17] [e.g., magnesium fluoride (MgFx), lithium
fluoride (LiFx)], etc, as electron-selective contacts. Complex fabrication
route in conventional IBC-SHJ is thus eliminated by applying the
abovementioned new functional materials. In recent years, dopant-free
IBC-SHJ solar cells with PCE beyond 15% have been reported [8,18].
However, due to the poor passivation of the rear side, the efficiency of
the solar cells was limited. The PCE of dopant-free IBC-SHJ solar cells
were then significantly improved by adding a passivation layer in the
gap region [19,20]. Besides, in a conference paper [21], Shen et al.
reported an efficiency up to 22.2% of dopant-free IBC-SHJ solar cells by
using a-Si:H as back surface passivation layer and MgFx as additional
antireflection layer.

Here, we fabricated IBC solar cells with dopant-free heterocontacts
using a-Si:H as rear surface interfacial passivation layer, and MoOx and
LiFx as the back-sided hole- and electron-selective layers, respectively.
More important, in the fabrication of IBC-SHJ devices, we use a simple
method to form interdigitated p- and n-type strips and corresponding
metal layers by hard masks, requiring only two masking steps instead of
the multi-steps photolithographic patterning. Firstly, the passivation
behavior of the interfacial thin a-Si:H layer and the effect of its thick-
ness on the carrier transport were explored. The optical and electrical
properties of the thermally evaporated MoOx/Ag hole-selective contact
and LiFx/Al electron-selective contact on n-Si, were then thoroughly
investigated. Finally, in order to reduce edge leakage, we adjusted the
position of the metal target to obtain electrode strips with sharp edges.
By combining above essentials together, we fabricated dopant-free IBC-
SHJ solar cells with PCE above 20%, which shows enormous potential
for boosting performance-to-cost ratio in future.

2. Results and discussion

To evaluate the passivation performance of the c-Si/a-Si:H interface,
the thickness-dependent effective minority carrier lifetime as well as
effective surface recombination velocities (Seff) on a-Si:H film are
characterized and shown in Fig. 1(a). As the a-Si:H film thickness in-
creases from 0 to 8 nm, the effective minority carrier lifetime increases
significantly. With further increasing the a-Si:H film thickness, the ef-
fective minority carrier lifetime keeps near a constant. When the
thickness of a-Si:H film is greater than 8 nm, the minority carrier life-
time exceeds 1.8ms and the Seff is less than 5 cm/s, which exhibits
excellent surface passivation. Note that the relatively low Seff value of
the bare silicon is the effect of hydrogen passivation, since the silicon
wafer was dipped in hydrofluoric (HF) acid solution before testing. The
implied Voc at one sun can be extracted from the injection-dependent
carrier lifetime τ (Δn), as illustrated in Fig. 1(b). The LiFx/Al stack
provides poor passivation to c-Si surface, corresponding to an implied
Voc of only 516mV. In order to improve the passivation quality of the c-
Si interface, excellent passivation materials are required. While a-Si:H
has been shown to provide high quality passivation of c-Si surfaces
[22–24]. An implied Voc value of 711mV was achieved on our sample
with 4 nm a-Si:H layer. When inserting 4 nm a-Si:H layer between LiFx
and n-Si, the implied Voc increases markedly from 516mV to 697mV. In
comparison with the a-Si:H passivated wafer, the implied Voc decreases
after depositing LiFx film, probably due to a certain degree of thermal
damage to the a-Si:H layer when depositing LiFx film. The implied Voc

of MoOx without (633mV) and with (696mV) 4 nm a-Si:H film are
shown in Fig. S1.

In order to evaluate the electrical behavior of the different rear
contacts, the contact resistivity (ρc) was measured using the method
designed by Cox and Strack [25,26]. Fig. S2 shows the extraction

processes of ρc for different samples. The typical I-V curves for the
different samples of n-Si/0.5 nm LiFx/Al, n-Si/4 nm a-Si:H/0.5 nm LiFx/
Al, n-Si/10 nm MoOx/Ag, n-Si/4 nm a-Si:H/10 nm MoOx/Ag, which
were collected from the same electrode diameter (2 mm), are shown in
Fig. 1(c). The n-Si/LiFx/Al and n-Si/a-Si:H/LiFx/Al contacts show linear
I-V curve, achieving an Ohmic contact. This directly verified the ef-
fectiveness of the LiFx layer for electron-selective transport. And the
current of n-Si/a-Si:H/LiFx/Al is slightly lower than that of n-Si/LiFx/Al,
mainly due to the additional resistive barrier associated with the bulk
resistance of a-Si:H. Meanwhile, the n-Si/MoOx/Ag and n-Si/a-Si:H/
MoOx/Ag contacts show the measured I-V curves with typical Schottky
rectifying characteristics. This rectification effect stems from the work
function difference between the MoOx and n-Si, and the right shifted I-V
curve for n-Si/a-Si:H/MoOx/Ag sample is due to the additional inter-
facial resistance as well as the bulk resistance of a-Si:H itself. Fig. 1(d)
shows that the ρc value of the n-Si/a-Si:H/0.5 nm LiFx/Al and n-Si/a-
Si:H/10 nm MoOx/Ag stacks have a strong dependence on the a-Si:H
layer thickness. The n-Si/a-Si:H/LiFx/Al stack has a low ρc due to ex-
cellent Ohmic contact to n-Si. With the a-Si:H thickness increases from 0
to 8 nm, the ρc increases from 4 to 83mΩ cm2. However, the n-Si/a-
Si:H/MoOx/Ag stack has a relatively high ρc. This is due to the presence
of the barrier resulting from the valence band offset between c-Si and a-
Si:H, which hinders the extraction of holes [7]. With the thickness of a-
Si:H increases, the ρc of n-Si/a-Si:H/MoOx/Ag stack increase sig-
nificantly. Therefore, although the contact passivation is greatly im-
proved by increasing the thickness of the a-Si:H interlayer, too thick a-
Si:H layers will cause unacceptable increase in ρc due to the low con-
ductivity of a-Si:H layer.

To further evaluate the passivation and contact performances of the
IBC-SHJ solar cells, Fig. 2(a) shows the simulated efficiency for IBC-SHJ
solar cell as a function of the rear contact Seff, ρc-HTL and ρc-ETL. It can be
observed that the PCE is positively correlated to the improved passi-
vation quality and reduced ρc-HTL and ρc-ETL. The red data points cor-
respond to the potential efficiency of our IBC-SHJ solar cells with dif-
ferent a-Si:H thicknesses. As the thickness of a-Si:H interlayer increases,
the Seff of the rear contact decreases gradually, but ρc-HTL and ρc-ETL
increase significantly. Therefore, the thickness of a-Si:H interlayer
should be chosen properly. We found that the IBC-SHJ solar cells with
2 nm-thick or 4 nm-thick a-Si:H interlayer have a simulated efficiency
close to 24% due to the low Seff as well as the tolerable ρc-HTL and ρc-ETL
of the rear contacts. Fig. S3 shows the corresponding simulated Voc (a),
Jsc (b) and fill factor (FF) (c) of Fig. 2(a) as a function of the rear contact
Seff, ρc-HTL and ρc-ETL. We can observe that the Voc and Jsc are mainly
determined by Seff, and they are significantly improved as reducing the
Seff. While the FF is determined by the Seff, ρc-HTL and ρc-ETL. To improve
FF, it is necessary to simultaneously reduce the rear contact Seff, ρc-HTL
and ρc-ETL.

We utilize the free energy loss analysis (FELA) output data to pre-
sent a detailed loss analysis of the investigated cells at the maximum
power point (MPP). Fig. 2(b) shows the electrical power loss of different
IBC-SHJ solar cells (without and with 4 nm a-Si:H interlayer) at MPP.
The bars are subdivided into different loss mechanisms. The major loss
contributors of the IBC-SHJ solar cell without a-Si:H layer are the
electron-transporting layer (ETL) and gap region recombination losses
as well as resistive loss of hole in bulk n-Si. The recombination losses
mainly caused by the electrical shading effect. Since the hole-trans-
porting layer (HTL) interdigitated with ETL on the rear side, the pho-
togenerated minority carriers (holes in n-Si) above HTL have a large
probability of being transported to HTL, while holes above the non-
collecting region (including ETL and gap region) have a large prob-
ability of being recombined if the noncollecting region has poor pas-
sivation [27,28]. The resistive loss of holes was caused by the low
concentration of holes in bulk n-Si. Under illumination conditions, the
hole conductivity formula is σp= q(p0 + Δp)μp, (where q is the charge
of electron, p0 is the concentration of holes in the Si wafer at the con-
dition of thermal equilibrium, Δp is the excess carrier concentration, μp
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is the hole mobility). In n-Si wafer, p0 is much smaller than Δp. Thus,
the σp is mainly determined by the Δp. In order to visually observe the
Δp in the cells, we simulated the value of Δp by software, as shown in
Fig. S4. We can see that the IBC-SHJ solar cell without a-Si:H interlayer
has a relatively low Δp. Therefore, the σp is low, resulting in a high
resistive loss of hole in bulk n-Si.

From the results, we can clearly see that the recombination losses
(including ETL and gap region recombination losses) and resistive loss
(hole in bulk n-Si) of the IBC-SHJ solar cell with 4 nm a-Si:H layer are
significantly reduced, due to improved passivation to the n-Si wafer.
The major loss contributors of the 4 nm a-Si:H layer involved sample
are the HTL resistive loss and bulk recombination loss. When the 4 nm
a-Si:H layer was inserted, although the passivation quality was re-
markably improved, the contact resistance of the HTL layer was sig-
nificantly increased. We need to optimize the HTL contact character-
istics to reduce the resistance loss. The bulk recombination loss is
related to an increase in the excess carrier concentration of the Si wafer.
Since the occurrence of recombination depends on the hole

concentration (p), the electron concentration (n) and the recombination
probability at that point, which is proportional to np. And n= n0+ Δn,
p= p0 + Δp, (n0 is the electron concentration in the Si wafer at the
condition of thermal equilibrium), which means that the recombination
has a direct positive correlation with the excess carrier concentration. It
can be seen from Fig. S4, when inserting 4 nm a-Si:H layer, the excess
carrier concentration increases, which leads to an enhanced chance for
electron-hole recombination. This indicates that the main recombina-
tion loss comes from the bulk recombination loss of the Si wafer, when
the surface of the Si wafer has excellent passivation. It should be noted
that the bulk lifetime of our Si wafers is approximately 5ms, so the bulk
recombination is relatively high. In order to further reduce the bulk
recombination loss, it is necessary to utilize Si wafers with ultra-higher
carrier lifetime. Fig. S5 shows the simulated efficiency of IBC solar cells
as a function of the bulk lifetime. As the bulk lifetime of the Si wafer
increased from 0.1ms to 100ms, the simulated efficiency of IBC-SHJ
solar cells increased from 15.3% to 27.1%.

During the device fabrication processes, we found that the exposure

Fig. 1. (a) Effective minority carrier life-
time and surface recombination velocities
versus a-Si:H film thickness. (b) The implied
Voc behavior for n-Si wafers symmetrically
coated with a-Si:H, LiFx or a-Si:H/LiFx, re-
spectively. The dotted horizontal line high-
lights the implied Voc at 1 sun. Inset shows
the schematic structure for the carrier life-
time and implied Voc tests. (c) Typical I-V
curves (collected from a pad with diameter
of 2mm) for Si/LiFx/Al and Si/MoOx/Ag
contacts without or with a-Si:H. Inset shows
the schematic structure for the contact re-
sistivity test. (d) The ρc of Si/a-Si:H/LiFx/Al
and Si/a-Si:H/MoOx/Ag as a function of a-
Si:H interlayer thickness. These error bars
are based on the measured spread in data or
the estimated error in the measurement
(whichever is largest).

Fig. 2. (a) Simulated ideal efficiency (co-
lored contours) for IBC-SHJ solar cells as a
function of the rear contact Seff, ρc-HTL and
ρc-ETL. The red data points represent the
potential efficiency of our IBC-SHJ solar
cells with different a-Si:H thickness. The
Seff, ρc-HTL and ρc-ETL were derived from
Fig. 1. Here, SHTL=SETL=Sgap= Seff, and
the range of ρc-HTL as well as ρc-ETL are
0.01–10Ω cm2 and 0.001–0.1Ω cm2, re-
spectively. (b) The free energy loss analysis
(FELA) of different IBC-SHJ solar cells
(without and with a-Si interlayer) at max
power point (MPP).
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time for the a-Si:H to air do has a critical effect on the contact re-
sistance. Fig. 3(a) shows the change in ρc corresponding to Fig. 1(d)
when the a-Si:H layer was exposed to air for 6 h. We found an obvious
increase in the ρc of Si/a-Si:H/LiFx/Al and Si/a-Si:H/MoOx/Ag for all
varied thicknesses of a-Si:H layer after 6-h’ exposure of a-Si:H to air. To
investigate the reason for the measured increase in ρc, Fig. 3(b) shows
the x-ray photoelectron spectra (XPS) of Si 2p for different samples: i)
as-deposited a-Si:H; ii) a-Si:H after 6-h’ exposure to air. The Si 2p
spectra can be divided into two bands: one at lower binding energy
(99.1 eV and 99.7 eV) attributed to Si-Si bonds and the other at higher
binding energy (102.8 eV) attributed to Si-O-Si bonds. We can observe
that the intensity of SiOx peak increase when a-Si:H layer was exposed
to air for 6 h. This indicates a thin oxide layer could be grown on the
surface of a-Si:H layer after being exposed to air for several hours,
which in turn is responsible for the measured increase in ρc. The XPS of
O 1s for the a-Si:H samples with and without 6-h’ exposure to air are
shown in Fig. S6.

The schematic structure of IBC-SHJ solar cell is shown in Fig. 3(c),
illustrating a HTL region (n-Si/a-Si:H/MoOx/Ag) of 1500 μm, an ETL
region (n-Si/a-Si:H/LiFx/Al) of 500 μm, and the region between HTL
and ETL (“gap”) of 100 μm. The substrate in the method is a single-side
textured n-Si wafer with a front textured surface and a polished rear
surface for the emitters and BSF. At the front side, a stack of Al2O3 and
SiNx was deposited to serve as surface passivation and antireflection
coating. This surface preparation minimizes optical losses and provides

efficient front surface passivation. The rear surface of the n-Si wafer is
passivated by a-Si:H layer, then the MoOx/Ag and LiFx/Al structures
were interdigitated on the rear side, serving as hole- and electron-se-
lective contacts, respectively. The detailed processing flow for this kind
of dopant-free IBC-SHJ solar cells is shown in Fig. S7.

Fig. 3(d) shows the light J-V curves of the IBC-SHJ solar cells fea-
turing 4 nm a-Si:H layer (with/without air exposure). The black line
represents the reference solar cell, and the red line is that the a-Si:H was
exposed to air for 6 h before depositing the following materials. When
a-Si:H layer was exposed to air for 6 h, Voc of the solar cell decreased
from 639mV to 625mV and FF decreased from 68.9% to 64.3%. This
shows that the oxidation on the surface of the a-Si:H layer will degrade
both the passivation quality as well as the contact property. Therefore,
after depositing the a-Si:H layer, the sequential material should be
deposited on its surface in time.

The photovoltaic parameters of the IBC-SHJ solar cells featuring a-
Si:H films with varied thickness are summarized in Table 1. The devices
without a-Si:H layer exhibited a relatively low PCE of 12.2%, with Voc

of 562mV, Jsc of 35.5mA/cm2 and FF of 61.3%. The high defect density
on the silicon surfaces results in low Voc and Jsc. After applying the a-
Si:H layer on the rear side of the n-Si, the PCE was obviously improved.
The solar cell with 4 nm a-Si:H film obtained the highest PCE of 18.1%,
associated with Voc, Jsc, and FF values of 639mV, 41.2 mA/cm2, and
68.9%, respectively. As shown in Table 1, as the thickness of the a-Si:H
layer increases, the Voc and Jsc increase significantly, but the FF

Fig. 3. (a) The ρc of Si/a-Si:H/LiFx/Al and
Si/a-Si:H/MoOx/Ag as a function of a-Si:H
interlayer thickness for the a-Si:H with/
without 6-h’ exposure to air. (b) The XPS
spectra for the a-Si:H samples with and
without 6-h’ exposure to air. (c) The sche-
matic structure of the dopant-free IBC-SHJ
solar cell. (d) The light J-V curves of the
IBC-SHJ solar cells featuring 4 nm a-Si:H
layer with/without air exposure.

Table 1
The photovoltaic parameters of the IBC-SHJ solar cells with different a-Si:H layer thickness.

Thickness (nm) Voc (mV) Jsc (mA/cm2) FF (%) η (%) Rs (Ω·cm2) Rsh (Ω·cm2)

0 nm 562 (560 ± 6) 35.5 (35.4 ± 0.3) 61.3 (61.0 ± 0.3) 12.2 (12.0 ± 0.4) 1.98 (1.93 ± 0.05) 181 (164 ± 19)
2 nm 614 (611 ± 3) 39.7 (39.5 ± 0.5) 71.9 (71.7 ± 0.6) 17.5 (17.4 ± 0.3) 1.84 (1.87 ± 0.06) 2303 (2208 ± 439)
4 nm 639 (636 ± 5) 41.2 (41.1 ± 0.3) 68.9 (69.1 ± 0.5) 18.1 (18.0 ± 0.5) 2.47 (2.54 ± 0.09) 3939 (3492 ± 578)
8 nm 652 (650 ± 4) 41.6 (41.5 ± 0.4) 63.4 (63.5 ± 0.8) 17.2 (17.1 ± 0.4) 5.20 (5.39 ± 0.17) 1440 (1268 ± 136)
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decreases drastically. The increase in Voc and Jsc is associated with the
improved rear surface passivation and reduced interface recombina-
tion. The FF decreases with increasing a-Si:H layer thickness, which
could be caused by the increase in series resistance due to the limitation
of charge-carrier transport through the a-Si:H layer. However, the FF of
the devices without a-Si:H layer is significantly lower than the devices
with a-Si:H layer, which may be related to the extremely bad shunt
resistance (Rsh). Therefore, it should be affirmed that some leakage
channels exist.

We prepared the back structure of the device by thermal evapora-
tion. In actual operation, since the position of the evaporation material
is not vertical to the substrate, the material was deposited on the sub-
strate at an oblique angle. Fig. S8 shows the principle analysis of the
evaporation process. We can find that the larger the oblique angle, the
more obvious the Ag electrode deviates from MoOx. Fig. 4(a) shows the
optical image of the devices’ rear side. The enlarged SEM image of the
black dashed boxes was shown in Fig. 4(b). The inset shows the cor-
responding schematic diagram of the Ag electrode deviates from MoOx.
In Fig. 4(c1) and (c2), we exhibited the enlarged images of black dashed
boxes in Fig. 4(b). Where the Ag target was deposited on the substrate
with an oblique angle in the left image (c1) and substantially vertical
direction in the right image (c2). We found that the width of the Ag
boundary to the MoOx boundary increased when the Ag target was
deposited vertically on the substrate, indicating a decrease in the offset
of the Ag electrode. It should be noted that the MoOx target was de-
posited at an oblique angle and simultaneously rotated substrate, while
the substrate was not rotated when evaporating Ag. From Fig. 4(d), we
can see that the width of the MoOx film was wider than that of the Ag
film. As the Ag boundary gets closer to the MoOx boundary, the cor-
responding MoOx film thickness decreases linearly under the Ag
boundary, as shown in Fig. 4(e). In order to reduce the edge leakage, we
need to reduce the offset of the silver electrode by depositing silver
target vertically on the substrate. Moreover, we added a SiNx layer
between the busbar and Si substrate to eliminate leakage and reduce
recombination in this area, as shown in Fig. 4(f).

By adjusting the position of the metal target and isolating the busbar
and the Si substrate, our dopant-free solar cell efficiency is significantly

improved. The light J-V curve together with corresponding electrical
parameters of the dopant-free IBC-SHJ solar cell with 4 nm a-Si:H film
were presented in Fig. 5(a), showing a PCE of 20.1%, associated with a
Voc, Jsc, and FF of 659mV, 41.6 mA/cm2, and 73.2%, respectively.
Table S1 shows the photovoltaic parameters of the IBC-SHJ solar cells
with different fabrication methods. The champion cell batch shows an
average efficiency close to 20.0% (see Table S2). The Jsc is on a high
level, demonstrating the effective light trapping and excellent passi-
vation quality on the front side of the solar cells. The relatively low FF
may be due to the thin metal electrode (300 nm) of the IBC solar cell,
resulting in a relatively large series resistance. Fig. 5(b) presents the
corresponding quantum efficiency analysis showing the external
quantum efficiency (EQE) and reflectance (R) for the solar cell. The Jsc
obtained by integrating the EQE curve with an AM 1.5G reference
spectrum is 41.5 mA/cm2, which is agreement with the Jsc measured via
light J-V.

3. Conclusion

In summary, we have fabricated dopant-free IBC-SHJ solar cells
with conversion efficiencies above 20% by using only two-steps hard
masks alignments, which greatly simplifies the process flows compared
to the conventionally doped IBC-SHJ solar cells. We found that the
dopant-free IBC-SHJ solar cells with 4 nm a-Si:H layer can achieve high
PCE. However, low Voc and FF values limit our current device effi-
ciency. By further optimizing the passivation quality of the a-Si:H layer,
a higher Voc of the device should be achieved. The moderate FF values
that caused by thin metal electrode may also be improved, in future, by
thickening the metal electrodes. Besides, we improved the alignment
quality by adjusting the position of the metal target, which reduces
edge leakage. Finally, efficiency beyond 24% is highly expected based
on our simulation concerning the effects of passivation and contact
property on efficiency. This work demonstrated a feasibility of using a
simple process flow to fabricate highly efficient and cost-effective do-
pant-free IBC-SHJ solar cells.

Fig. 4. (a) The optical image of the devices' rear side. (b) Enlarged SEM image of black dashed boxes in Figure (a). (c) Enlarged SEM image (c1) of black dashed boxes
in Figure (b) and corresponding image (c2) obtained after using the modified evaporation method. (d) The normalization contour lines of MoOx and Ag films. (e)
Simulated shifts of Ag contour lines at different evaporation positions. (f) The optical image of the devices' rear side after adding a SiNx layer between the busbar and
the Si substrate.
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4. Experimental section

Devices Fabrication: Double-sides polished Czochralsk (CZ) n-Si wa-
fers with a resistivity of 1–10Ω cm and a thickness of ~250 μm were
used for passivation quality characterization. For the contact resistivity
measurements, one-side polished CZ n-Si wafers with a resistivity of
1–3Ω cm and a thickness of ~270 μm were used. The contact resistivity
was extracted by the method developed by Cox and Strack. An array of
different diameters circular pads was evaporated on the front of the test
structures via a shadow mask. A full area GaIn was coated on the rear
surface of the contact samples. For IBC-SHJ solar cells fabrication, one-
side polished CZ n-Si wafers with a resistivity of 1–3Ω cm and a
thickness of ~250 μm were used. The unpolished side of the wafer was
textured with a random-pyramids structure by immersing in NaOH and
isopropanol solutions with concentration of 2.5% and 1.25%, respec-
tively, at a temperature of 80 °C for 15min. During the texturing pro-
cess, the other side of the wafer was protected by a homemade tool. All
wafers were cleaned by the standard Radio Corporation of America
(RCA) cleaning processes and dipped in a 4% diluted HF solution to
remove the native oxide layer. The random-pyramids surface of n-Si
wafer was passivated by atomic layer deposited (ALD) Al2O3 (~15 nm),
and then SiNx film (~75 nm) was deposited as anti-reflection layer by
plasma-enhanced chemical vapor deposition (PECVD). Intrinsic hy-
drogenated amorphous silicon (a-Si:H) films with different thickness
(0–8 nm) were deposited on the rear side of the wafers as passivation
layer by PECVD. After applying different metal masks, the MoOx and
LiFx films of 10 nm and 0.5 nm thickness were respectively deposited on
the Si rear side by thermal evaporation with a deposition rate of 0.2 Å/s
at a base pressure 6.0× 10−6 Torr. And the corresponding 300 nm
thick metal electrodes Ag and Al were separately evaporated onto the
surface without breaking the vacuum.

Characterization: The effective carrier lifetime and implied Voc were
measured by a Sinton WCT-120 lifetime tester using quasi-steady state
photoconductance (QSSPC) methods. The current-voltage (I-V) curves
of the contact resistivity were measured by a Keithley 4200-scs semi-
conductor parameter analyzer. The thickness of the a-Si:H films was
measured by spectroscopic ellipsometry (Uvisel, Horiba). XPS char-
acterization was performed with a Kratos AXIS Ultra DLD, and all
spectra were measured using a monochromatic Al Kα X-ray source and
a hemispherical analyzer in ultrahigh vacuum with a base pressure of
1× 10−10 mbar. The light current density-voltage (J-V) curves of solar
cells were measured by a Class AAA solar simulator (Oriel, Sol3A)
under AM 1.5 illumination (100mW cm−2) in the standard testing
condition. The illumination intensity was calibrated using an en-
capsulated standard Si solar cell from Newport Corporation. The cells
were shielded by an opaque mask with a designated aperture area of
1 cm2. The EQE curves as well as the reflectance spectra were measured
by a quantum efficiency measurement system (QEX10, PV

Measurements). The morphological analysis of the samples was con-
ducted by SEM (Hitachi S-4800).

Simulation method: In this simulation, we employ Quokka software
to simulate the photoelectric performances of IBC-SHJ solar cells. In
device simulation, the main parameters were set as follows: The sub-
strate was n-Si wafers with 5ms bulk lifetime. The thickness of n-Si
wafers was set as 250 μm, and the resistivity was chosen as 2Ω cm. The
surface recombination velocity of the front Al2O3/Si interface was set
as 2 cm/s. The surface recombination velocity of the rear side and the
contact resistivity of HTL and ETL were derived from the experimental
values of Fig. 1. The dimensions of the devices’ ETL, HTL and gap were
consistent with the values in Fig. 3.
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A B S T R A C T

In recent years, considerable efforts have been devoted to developing novel electron-selective materials for
crystalline Si (c-Si) solar cells with the attempts to simplify the fabrication process and improve efficiency. In this
study, ZnO:Al (AZO) is co-sputtered with SiO2 to form AZO:SiO2 films with different SiO2 content. These nan-
ometer-scale films, deposited on top of thin intrinsic hydrogenated amorphous silicon films and capped with
low-work-function metal (such as Al and Mg), are demonstrated to function effectively as electron-selective
contacts in c-Si solar cells. On the one hand, AZO:SiO2 plays an important role in such electron-selective contact
and its thickness is a critical parameter, with a thickness of 2 nm showing the best performance. On the other
hand, at the optimal thickness of AZO:SiO2, the open circuit voltage (VOC) of the solar cells is found to be
relatively insensitive to material properties of AZO:SiO2. Whereas, regarding the fill factor (FF), AZO without
SiO2 content exhibits to be the optimal choice. By using AZO/Al as electron-selective contact, we successfully
realize a 19.5%-efficient solar cell with VOC over 700mV and FF around 75%, which is the best result among c-Si
solar cells using ZnO as electron-selective contact. Also, this work implies that efficient carrier-selective film can
be made by magnetron sputtering method.

1. Introduction

Carrier-selective contacts applied to crystalline silicon (c-Si) solar
cells are attractive due to their high efficiency and simple fabrication
process. For example, c-Si solar cells using p-type hydrogenated
amorphous silicon (p a-Si:H) as hole-selective layer and n-type a-Si:H
film as the electron-selective layer have already been shown to reach
25.1% efficiency [1], and even 26.6% by further adopting an inter-
digitated back contact structure [2]. Due to these successes, a growing
number of companies now produce solar cells that feature doped a-Si:H
films as carrier-selective contacts. In research, other novel carrier-se-
lective contacts based on polymer [3], metal oxide [4–7], metal fluoride
[8,9], metal nitride [10] films, etc. have attracted a significant interest
as these contacts have the potential to further improve the cell per-
formance by using more transparent or conducting layers, and to

simplify the fabrication process. Until now, various materials have been
demonstrated as effective electron-selective layers, including LiFx [8],
MgFx [9], MgOx [6], TiOx [4,5], TaOx [11], TaNx [10], alkali/alkaline-
earth metal carbonates [12], and their combinations [13], in some cases
combined with intrinsic a-Si:H (i a-Si:H) for passivation.

ZnO (with or without doping), one of the most widely used trans-
parent conductive oxides [14–16], has also been proposed as an elec-
tron-selective layer in c-Si solar cells [17–20] due to the fact that the
conduction band offset between c-Si and ZnO is beneficial for electron
transport but the valence band offset forms a barrier for holes transport
from c-Si to ZnO [18]. Combining i a-Si:H and ZnO:B grown by metal-
organic chemical vapor deposition as the electron-selective layer, an
efficiency of 16.6% was demonstrated by Wang et al. [18]. Ding et al.
[20] realized an 18.46%-efficient c-Si solar cell by using spin-coated
ZnO:Al (AZO) on top of i a-Si:H as the electron-selective layer.
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Researchers from Ye's group also demonstrated spin-coated AZO as an
effective electron-selective film, achieving an efficiency of 13.6% [19].
Recently, they doped ZnO with Li to reduce its work function and
adding intrinsic a-Si:H as passivation layer, promoting the efficiency to
15.1% [21].

In this study, magnetron sputtering method is utilized to prepare
AZO as electron-selective film, which is a method easy to fabricate
uniform films on large-size substrates. We co-sputter AZO (2 wt%
Al2O3) and SiO2 to form AZO:SiO2 films, a low-work-function material
[22]. We investigate the influence of the power applied to the SiO2

target (PSiO2) and the O2/(Ar+O2) flow ratio on the microstructure,
conductivity, work function and band gap of the AZO:SiO2 films. When
AZO:SiO2 capped with a thermally evaporated metal are applied to c-Si
solar cells as electron-selective contacts, both the thickness of AZO:SiO2

and the work function of the capping metal are shown to play an im-
portant role. At the optimal thickness of AZO:SiO2, we show how the
deposition conditions of AZO:SiO2 affect the open circuit voltage (VOC)
and fill factor (FF). Pure AZO, i.e. PSiO2= 0W, is found to be the best

choice. Finally, we realize a 19.5%-efficient c-Si solar cell by using an
AZO/Al stack (on top of a passivating i a-Si:H layer) as electron-selec-
tive contact, which is the highest efficiency among the solar cells using
ZnO as electron-selective film. In addition, it is worth mentioning that
the previously successful electron-selective films are mainly made by
either thermal evaporation [6,8,9,12] or atomic layer deposition
[5,10,11]. Here our study firstly shows that magnetron sputtering is
also a feasible method to fabricate efficient electron-selective films.

2. Results and discussion

Fig. 1(a and b) compares the microstructure of AZO and AZO:SiO2

films by plane-view transmission electron microscopy (TEM) images.
The film thickness was ~2 nm in both cases. The power applied to the
AZO target was 35W, which was maintained for the entire study. For
Fig. 1(b), PSiO2 was 25W. Both AZO and SiO2 targets had a diameter of
100mm. Completely different microstructures of the AZO and
AZO:SiO2 are observed from the scanning TEM (STEM) images

Fig. 1. High-resolution plane-view TEM images of (a) AZO film deposited under O2/(Ar+O2): 0.18%, and (b) AZO:SiO2 film deposited under PsiO2: 25W, O2/(Ar
+O2): 0.18%. Insets show the selected-area electron diffraction patterns. (c) Si/(Si+Zn) ratios (from XPS), (d) conductivity, (e) work function and (f) optical band
gap of the AZO:SiO2 film versus the power applied to the SiO2 target (PSiO2) and for different O2 to (Ar+O2) flow ratio in the sputtering gas.
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(Supporting Information, Fig. S1). High resolution TEM images
(Fig. 1(a) and (b)) further reveal that the AZO film contains crystallites
with a wurtzite structure and a diameter of a few nanometers in an
amorphous matrix, whereas the AZO:SiO2 film is fully amorphous. A
gradual decrease in crystallinity with increased SiO2 content could be
observed in other studies [22,23]. The influence of the addition of SiO2

on the optoelectronic properties of these layers is presented below.
We performed X-ray photoelectron spectroscopy (XPS) measure-

ments to determine the ratio of Si to (Si+Zn) as a function of PSiO2 and
O2/(Ar+O2) flow ratio during sputtering. As shown in Fig. 1(c), on the
one hand, Si/(Si+Zn) increases from 0 to ~0.4 when increasing the
PSiO2 from 0W to 35W at a constant O2/(Ar+O2) flow ratio of 0.18%.
On the other hand, Si/(Si+Zn) decreases with increasing the O2/(Ar
+O2) at a constant PSiO2 of 25W, which indicates that adding O2 during
sputtering reduces the incorporation of SiO2 into AZO:SiO2.

Fig. 1(d) shows the conductivity of the different AZO:SiO2 films.
Increasing PSiO2 leads to a drastic decrease of the conductivity, which is
linked to the higher Si/(Si+Zn) ratio in the film and its amorphization
[22]. When PSiO2 is 0W, namely for a pure AZO film, the conductivity
decreases with increasing O2/(Ar+O2) flow ratio, coinciding with the
literature [24]. In other cases (PSiO2> 0W), the film conductivity in-
creases with O2/(Ar+O2) flow ratio, owing to the lower SiOx in-
corporation at higher O2/(Ar+O2).

The work function of the AZO:SiO2 films was investigated by
Helium ultra-violet photoelectron spectroscopy (He-UPS). The results
are shown in Fig. 1(e). Increasing PSiO2 and hence the Si/(Si+Zn) ratio
generally results in lower work functions, which agrees well with the
result of Nakamura et al. [22]. Furthermore, reducing the O2/(Ar+O2)
flow ratio also leads to a lower work function, owing to the more ef-
ficient SiO2 incorporation. Note that the deviation of the general trend
(higher Si incorporation, lower work function) between the samples
formed at 35W PSiO2 (0.18% O2/(Ar+O2)) and 25W PSiO2 (0.09% O2/
(Ar+O2)) may be due to the measurement inaccuracy. To further study
the influence of the deposition conditions (PSiO2 and O2/(Ar+O2) flow
ratio) on the bandgap of AZO:SiO2 films, optical absorption coefficients
were determined using UV–Vis–NIR spectroscopy. Through Tauc plots,

assuming that the films have direct bandgap [25] (see Fig. S2,
Supporting Information), the optical bandgap was obtained. As shown
in Fig. 1(f), both increasing PSiO2 and reducing the O2/(Ar+O2) flow
ratio lead to a higher bandgap.

In summary, variations of PSiO2 and O2/(Ar+O2) flow ratio in this
study yield significant changes to the material properties. These
changes are expected to affect the solar cell performance when using
this material as electron-selective contact, which is discussed in the
following.

Fig. 2(a) and (b) show the structure and a schematic band diagram
of solar cells using AZO:SiO2/Al as electron-selective contact stack and
p-type a-Si:H as hole selective contact. Intrinsic a-Si:H was used on both
sides of the n-type c-Si wafer as passivation layer, resulting in high
minority carrier lifetime (around 5ms at the carrier injection density of
1× 1015 cm−3). For the AZO:SiO2 films, different thicknesses, different
PSiO2 and O2/(Ar+O2) flow ratios were studied. In this section,
AZO:SiO2 includes pure AZO (i.e. films prepared with PSiO2 = 0W).
Since the AZO:SiO2 film is made by magnetron sputtering technique, it
is highly necessary to point out that although the deposition of
AZO:SiO2 will cause sputtering damage to the i a-Si:H film, resulting in
a severe decrease of minority carrier lifetime, the sputtering damage
can be eliminated by appropriate annealing process and the minority
carrier lifetime is recovered (more detail is shown in Fig. S3).

Fig. 2(c) shows that the VOC is only around 580mV if Al directly
covers the i a-Si:H film. However, when a thin (1 nm-thick) AZO:SiO2

layer is inserted between the i a-Si:H and Al, the VOC is greatly in-
creased, demonstrating the significance of AZO:SiO2 on the electron-
selective contact. The presence of AZO:SiO2 can remove the Fermi-level
pinning between Al and i a-Si:H and may also reduce the carrier re-
combination at the interface.

For a thickness of AZO:SiO2 of around 2 nm, best VOC values
(around 690–700mV) are obtained，possibly related to the minimum
thickness to form a closed film. Interestingly, despite the different de-
position conditions (PSiO2 and O2/(Ar+O2)) and thus the different
material properties as discussed in previous section, very similar VOC

values can be reached. Additionally, very similar VOC values can also be

Fig. 2. Schematic cross section (a) and band diagram at open-circuit conditions (b) of the solar cells using AZO:SiO2/Al as electron-selective contacts. (c) VOC and (d)
FF of the solar cells with AZO:SiO2 films deposited at different conditions (different PSiO2 and O2/(Ar+O2) ratio). Average of 5 cells is displayed and error bar displays
the standard deviation. (e) J-V curves of the solar cells using different (~2-nm-thick) AZO:SiO2/Al as electron-selective contacts.
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obtained at a thickness of ~2 nm by using undoped ZnO capped with Al
as electron-selective contact stack (see Supporting Information, Fig.
S4). The VOC is determined by the difference between the hole quasi-
Fermi level at the positive electrode and the electron quasi-Fermi level
at the negative electrode, as shown in Fig. 2(b). And based on the fact
that i a-Si:H films capped with different AZO:SiO2 have the same pas-
sivation quality (they have comparable implied VOC within the range of
736–741mV), the measurement of very similar VOC values implies that
electron quasi-Fermi levels at the negative contact are almost the same
for the solar cells with different AZO: SiO2 films. We hypothesize that
this is because the AZO:SiO2 films are too thin to screen the influence of
Al, making the band diagram dominated by the Al properties and not by
the AZO:SiO2 properties. Here, we would like to point out that, parti-
cularly for the ultra-thin AZO:SiO2 layer, the work function value
measured on films with very little air exposure might not be re-
presentative of the films finally integrated in the solar cells which were
annealed in air atmosphere. Simulation results indeed confirm the in-
sensitivity of the VOC to the work function of an ultrathin film, as shown
in Fig. S5 of the Supporting Information. These results may help to
explain the fact that other few-nanometer-thick films such as LiFx [8],
MgFx [9], MgOx [6], SiO2 [26], etc., combined with a low work function
metal can work similarly well as electron-selective contact despite their
different energy-band structures. Nevertheless, this hypothesis does not
imply that any material can work well as electron-selective contact,
since different materials may have different abilities to screen the metal
work function due to variations in material properties, e.g. effective
conduction-band density of states (see Supporting information, Fig. S5).
Also, the way in which the material affects the effective work function
of the metal is important.

Fig. 2(d) further shows that similarly to Voc, FF increases first and
then decreases with increasing the thickness of AZO:SiO2 films. Note
that for 0 nm of AZO:SiO2, FF is variable from run to run. For solar cells
made with an AZO:SiO2 thickness of around 2 nm, FF decreases with
increasing PSiO2. The current density-voltage (J-V) curves under air
mass 1.5 global (AM1.5 G) illumination of cells made with a 2-nm-thick
AZO:SiO2 layer are shown in Fig. 2(e), from which the influence of
series resistance (RS) on J-V curves is observed. Based on the method
proposed by Bowden [27], RS is calculated to increase from 1.7 Ωcm2

for cells with pure AZO to 4.1 Ωcm2 for cells with AZO:SiO2 (25W
SiO2), which results in a reduced FF. The increase in RS is correlated
with the decreased conductivity of the AZO:SiO2 film with increasing
PSiO2, as presented in Fig. 1(d). Therefore, although the AZO:SiO2 de-
position conditions have no influence on VOC, they do affect FF.

To get further insights into the working mechanisms of AZO:SiO2/
metal electron-selective contact stacks, different capping metals have
been studied for different AZO:SiO2 film thickness. Here, the PSiO2 was
set to 15W and the O2/(Ar+O2) flow ratio to 0.18%. The solar cells
maintain the same structure as shown in Fig. 2(a), but Mg, Al, Cu and
Au are used as the negative electrodes. Based on literature data, their
bulk work functions are 3.66 eV, 4.06–4.26 eV, 4.48–5.1 eV,
5.31–5.47 eV, respectively [28]. However, the effective work function
of metals can change depending on the deposition conditions and the
formation of the interface to the film that is contacted (e.g., formation
of interface dipoles, Fermi-level pinning). Fig. 3(a) schematically shows
the possible energy band diagram near the negative contact of the solar
cells with the ultrathin AZO:SiO2 film/metal as electron-selective con-
tact under open-circuit conditions. Note, that band bending in the
AZO:SiO2 layers is not represented (although it is expected to be sig-
nificant), and that the metal work function does not precisely corre-
spond to the literature value, which will be explained in the following.
As presented, higher effective work function of the metal leads to up-
wards band bending in the silicon wafer, i a-Si:H layer and AZO:SiO2.
This reduces selectivity of the contact, leading to a slope of electron
quasi-Fermi level in the i a-Si:H and AZO:SiO2 layers. The band bending
in the silicon wafer also results in an increase in hole concentration at
the electron contact, increasing carrier recombination, thus leading to

smaller Fermi-level splitting in the absorber. Due to these reasons, the
VOC is expected to be lower, which is confirmed in Fig. 3(b). In addition,
a higher upwards band bending means a higher energy barrier for
electrons to be collected (namely higher transport resistance) and thus a
lower FF, as verified in Fig. 3(c), even though the pseudo FF is found to
increase with metal work function (not presented). A similar result is
also reported in the solar cells using TiOx capped with metal as carrier-
selective contact [29].

When in the absence of any AZO:SiO2 film, although both VOC and
FF obviously depend on the metal, the pinning factor of Fermi-level
between the metal layers and the i a-Si:H film is estimated to be 0.3
according to the method described in literature [30]. When the thick-
ness of the AZO:SiO2 film increases to ~2 nm, the Fermi-level pinning
between the metal layers and the i a-Si:H film is removed but the
pinning factor of Fermi-level between the metal and AZO:SiO2 is esti-
mated to be 0.1, showing more severe Fermi-level pinning effect.
However, from the significant improvement of the VOCs of the solar
cells with Al, Cu and Au, it can be speculated that the pinning position
of Fermi-level should move to a higher energy level. It is worth men-
tioning that inserting TiO2 between c-Si and a metal is also reported to
change the Fermi-level pining position [31]. The shifting of the Fermi-
level pining position modifies the effective work function of the metal, a
reduction for Al, Cu and Au, but an increase for Mg. This makes the
effective work function of Mg similar to that of Al, but lower than that
of Cu and Au. Hence the VOCs of solar cells with Al and Mg are similar
but higher than that of cells with Cu and Au when the thickness of the
AZO:SiO2 is ~2 nm.

Fig. 3(d) further shows the J-V curves of the solar cells using dif-
ferent metals but with the same 2-nm-thick AZO:SiO2 film under
AM1.5 G illumination. The J-V curve of the solar cell with Au obviously
deviates from that of a diode, suggesting that there is a strong n c-Si/Au
Schottky diode opposing the solar cell diode.

For AZO:SiO2 film thicknesses between 2 nm and 20 nm, both the
VOC and FF decrease with increasing AZO:SiO2 thickness for any cap-
ping metal. Note that this decrease is not caused by the increased
sputtering damage with time since sputtering damage is almost elimi-
nated as discussed above and shown in Fig. S3 of the Supporting
Information. For AZO:SiO2 thicknesses above 20 nm, both VOC and FF
become insensitive to the thickness and appear to stabilize to poor
values.

Fig. 3(e) shows the influence of the thickness of AZO:SiO2 film on
the J-V curves of the Al contacted solar cell under AM1.5 G illumina-
tion. With no AZO:SiO2, the J-V curve shows an S shape, probably be-
cause of a Schottky contact between Al and the n c-Si wafer passivated
with intrinsic a-Si: H. When the AZO:SiO2 thickness increases to ~2 nm,
the effective work function of Al is reduced as mentioned above, and a
diode J-V curve is obtained. Further increasing the thickness, the J-V
curves are influenced by the increased resistance and deviate from that
of a single diode, which lead to the decrease of FF.

Finally, to show the potential of sputtered AZO:SiO2 as electron-
selective contact, a 4-cm2 cell was made using a 2-nm-thick simple AZO
film capped with Al as electron-selective contact. A 19.5% efficiency is
demonstrated with a VOC of 701mV and a FF of 74.7%. The J-V curve of
this device is shown in Fig. 4. This is the highest efficiency reported for
a solar cell that features ZnO as electron-selective contact. This result is
comparable to those of cells using other successfully demonstrated
electron-selective films [8–12] and also the result suggests that mag-
netron sputtering method can be used to make efficient electron-se-
lective films.

Nevertheless, the difference between the VOC of the cells (~
700mV) and the implied VOC (~ 735mV) of the cell-precursors
(without Al) suggests that there is still a carrier-selective problem and/
or carrier recombination loss for the AZO/Al contact. As a result,
compared to the reference solar cell using n-type a-Si:H as electron-
selective layer and ITO/Ag as back contact, the optimal cell using AZO/
Al as electron-selective contact has lower VOC and FF. Moreover, the
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interface between i a-Si:H and AZO may also play an important role in
determining the lower performance. More detailed analysis of the in-
terface would be valuable in further study.

Besides lower VOC and FF, the optimal cell with AZO/Al also suffers
a lower JSC than the reference one, which is a universal problem for
cells using nanometer-thin films combined with low work function
metal as carrier-selective contact. One of the reasons is infrared ab-
sorption losses owing to metal close to the Si wafer [32]. Utilizing a
thick and conductive film as electron-selective layer is required to avoid
this infrared absorption and fully benefit from the novel carrier-selec-
tive contact approach. Planar rear surface would be also beneficial for
reducing the infrared absorption. In addition to the lower J-V perfor-
mance, it is also worth mentioning that the cell with AZO/Al still has
stability problem, as most cells that features ultrathin electron-selective
contacts. Despite these disadvantages, we still believe that ZnO is a
promising material to be used as electron-selective layer in c-Si solar
cells. Further study should focus on making it more efficient at inducing
a downward band bending in the c-Si without relying on the capping
metal, and making the layer thicker to reduce infrared absorption. In
these cases, the stability problem is also expected to be solved.

Fig. 3. (a) Energy band diagram near negative contact of the solar cells using ultrathin AZO:SiO2 film and different capping metals as electron-selective contact stack
at open-circuit conditions. Energy band bending in the AZO:SiO2 is neglected. (b) VOC and (c) FF varying with the metal and the thickness of the AZO:SiO2 film. An
average of 3 cells is displayed and error bars show the standard deviation. (d) J-V curves of the solar cells with 2-nm-thick AZO:SiO2 films but different capping
metals. (e) J-V curves of the solar cells varying with the thickness of AZO:SiO2 films. The capping metal is Al.

Fig. 4. J-V curves of the best solar cell using AZO/Al as electron-selective
contact obtained in this study and a reference solar cell using n-type a-Si:H as
electron-selective layer.

S. Zhong et al. Solar Energy Materials and Solar Cells 194 (2019) 67–73

7179



3. Conclusion

In summary, ZnO:Al (AZO) is co-sputtered with SiO2 to form
AZO:SiO2 films with different SiO2 content. These films, capped with
different metals, have been applied as electron-selective contact in c-Si
solar cells. The microstructure of the AZO film can be changed by in-
corporating SiO2. Both increasing the power applied to the SiO2 target
and decreasing O2/(Ar+O2) flow ratio lead to higher Si/(Si+Zn), re-
sulting in lower conductivity, lower work function and enlarged
bandgap. On the one hand, thickness of these films was shown to be a
critical parameter when applying them as electron-selective contacts, a
thickness of ~2 nm appearing as optimal. At this thickness, the per-
formance of solar cells is significantly improved compared to that
without AZO:SiO2 film. On the other hand, the open circuit voltage
(VOC) was found to be insensitive to the deposition conditions of
AZO:SiO2, despite the variation of the material properties. However,
the deposition condition of the AZO:SiO2 film was shown to greatly
affect fill factor (FF). AZO, without SiO2 content, was thus found to be
the best condition. Furthermore, we showed that the effective work
function of the capping metal has a significant influence on both VOC

and FF, much more striking than the AZO:SiO2 material properties.
Finally, a 19.5%-efficient c-Si solar cell with VOC of 701mV and FF of
74.7% is demonstrated by using AZO/Al as electron-selective contact.
This study successfully shows that magnetron sputtering is capable of
making efficient carrier-selective films. Further improvements will rely
largely on improving the carrier selectivity and optical properties of this
system, e.g. by inserting a> 100-nm-thick low-refractive-index optical
spacer between the wafer and the metal.

4. Experimental section

The AZO:SiO2 films were deposited by RF-co-sputtering AZO (Al2O3:
2 wt%) and SiO2 at room temperature in a magnetron sputtering system
(Leybold Univex). The target diameter was 100mm. The sputtering
power of AZO was fixed at 35W, and the PSiO2 varied from 0W to 35W.
The flow rates of Ar and O2 were changed to yield an O2/(Ar+ O2) flow
ratio of 0–0.35%, the working pressure was fixed at 2.7× 10−3 mbar.
The substrate was rotated at 10 rpm to obtain homogeneous films. Film
thickness was controlled by the deposition time.

For solar-cell fabrication, n-type float zone (FZ) c-Si wafers with
resistivity of 2–3Ω cm and thickness of either 240 µm (for Figs. 2 and 4)
or 180 µm (for Fig. 3) were used. These wafers were firstly etched in
KOH solution to form randomly pyramids-textured surface, followed by
wet-chemical cleaning and HF dipping. Intrinsic a-Si:H films were then
deposited on both sides of the Si wafers as passivation layer by plasma
enhanced chemical vapor deposition (PECVD). p-type a-Si:H was de-
posited on the front side (i.e. illumination side) of the wafer by PECVD,
and the AZO:SiO2 film was deposited on the back side by magnetron
sputtering. The front side was then covered with an ~80-nm-thick in-
dium-tin-oxide (ITO) film as the antireflection and conductive layer by
magnetron sputtering. Then, the front metal grids were prepared by
either magnetron sputtering through a shadow mask for the 1.1-cm2

cells (Fig. 3) or screen printing for the 4-cm2 cells (Figs. 2 and 4), fol-
lowed by annealing at 210 °C for 30min in air atmosphere. Finally, the
back side of the wafer was covered with the metal film by thermal
evaporation. Reference solar cells are also made by the above process
except that the rear i a-Si:H is covered with n-type a-Si:H by PECVD and
then ITO/Ag by magnetron sputtering.

Characterization: The Si to (Si+Zn) ratio of the as-deposited
AZO:SiO2 films were characterized by X-ray photoelectron spectroscopy
(XPS) with Al-Kα excitation. To this end the Si 2p, O 1 s and Zn 3p core
levels were measured and fitted using a linear background and Voigt
peaks with a 15% Lorentz-contribution. The Zn 3p peak was fitted using
two peaks with a fixed distance of 2.95 eV and the same full-width at
half maximum. These two peaks represent the contributions from ZnO
and ZnOH. The Si 2p signal was fitted with a single signal and the O 1 s

signal was fitted with two signals to account for SiO and ZnO con-
tributions. The Si and Zn contents of the mixed layers were calculated
using sensitivity factors, extracted from stochiometric ZnO and SiO2
samples. The ratio of the Si/Zn oxide peak area to the O 1 s peak area,
corrected by the stoichiometry of the respective element, was used as
the sensitivity factor. These sensitivity factors were used to obtain the
fraction of Si and Zn in the mixture. The work function of the as-de-
posited films was characterized using Helium ultra-violet photoelectron
spectroscopy (He-UPS). A bias voltage of 5 V was applied and the
secondary electron cut-off was measured and fitted using a Boltzmann-
Sigmoid function to obtain the work function of the layers.

The TEM observation of the as-deposited AZO:SiO2 films were
performed using an FEI Tecnai Osiris microscope. For that purpose,
AZO and AZO:SiO2 thin films were directly sputtered onto Cu grids
coating with a thin C film. High-resolution TEM top view images were
recorded alongside selected-area electron diffraction patterns to assess
the microstructure of the films. The reflectance spectra and transmit-
tance spectra of annealed samples (210 °C 30min) were measured with
a spectrophotometer (Lambda-950, Perkin Elmer) to extract the ab-
sorption coefficients. The thickness of the AZO:SiO2 film on planar
surface was measured by ellipsometry, and a factor 0.66 was applied to
obtain an estimate of that on the textured Si surface. Al electrodes with
1-mm spacing were deposited on the annealed AZO:SiO2 film to mea-
sure the dark conductivity (The measured value is the lower limit of the
real conductivity of the films since the contact resistance is included).
Solar cell characterizations were carried out using a Wacom WXS-90S-
L2 solar simulator, at standard test conditions (AM1.5 G spectrum,
100mW/cm2 and 25 °C).
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A B S T R A C T

Silicon (Si) nanostructures are regarded as a competitive candidate for the front texture of future high-efficiency
Si solar cells owing to their excellent light-trapping properties. In this paper, we present nano-inverted-pyramids
(NIPs) textures on the surface of Cz Si wafer with an area of 156×156mm2 fabricated by employing the metal-
assisted chemical etching (MACE) technique. The optical properties of the surface are investigated in detail
before and after the application of a SiOx/SiNx antireflection coating. A passivated emitter and rear contact
(PERC) solar cell with NIPs (NIPs-PERC) is analyzed at the cell as well module level using simulation. The
simulation results indicate that the NIPs-PERC solar cell possesses a higher efficiency (η) of 1.4% relatively than
that of the traditional PERC solar cell, benefiting from a significant better reflection performance in both the
short as well as long wavelength range. Furthermore, simulations show that a 60-cell module with NIPs-PERC
solar cells can yield a peak power of 310W which is 8W higher than a traditional PERC module. The novel NIPs-
PERC solar cell shows high potential for mass production and opens a broad way for the application of NIPs
textures to other high-performance solar cells.

1. Introduction

Due to the near-zero reflection over a broad range of incident angles
(Branz et al., 2009; Kafle et al., 2015; Koynov et al., 2006; Liu et al.,
2014), silicon (Si) nanostructured textures have attracted considerable
interests for application in solar cells, showing an effective way to
achieve high efficiencies (ηs) of solar cells. However, the implementa-
tion of nanostructured textures in photovoltaic (PV) devices is chal-
lenging (Branz et al., 2009; Chen et al., 2011; Es et al., 2015; Fang et al.,
2008; Huang et al., 2012; Huang et al., 2015a; Huang et al., 2016;
Huang et al., 2015b; Kafle et al., 2015; Kayes et al., 2005; Kumar et al.,
2011; Li et al., 2011; Lin et al., 2013; Liu et al., 2014; Nayak et al.,
2011; Peng et al., 2010; Shu et al., 2009; Syu et al., 2013; Toor et al.,
2011; Wang et al., 2011; Yuan et al., 2009; Zhong et al., 2015a), which
is mainly attributed to the high carrier recombination at the surface and
in the bulk of Si nanostructures. Nano-inverted-pyramids (NIPs) tex-
tures may provide an effective way to improve the efficiency of PV
devices due to their superior light-trapping and structural character-
istics (Mavrokefalos et al., 2012; Smith and Rohatgi, 1993; Wang et al.,
2014). The potential of NIPs is illustrated in the landmark 25.0%

efficient solar cell reported by UNSW in the late 1990 s where the in-
verted pyramids were fabricated using photolithography. Due to its
complexity and high-cost, photolithography is not an appealing tech-
nique for solar cell manufacturing. On the other hand, metal-assisted
chemical etching (MACE) may be a far simpler, lower-cost, and in-
dustry-compatible technique to prepare NIPs (Chen et al., 2018; Huang
et al., 2015a; Huang et al., 2016; Huang et al., 2015b; Yang et al., 2017;
Zhong et al., 2015a). In this paper, we show that highly uniform NIPs
texture on the front surface of industry-sized (156×156mm2) silicon
wafers can be obtained by MACE. The measured reflection of NIPs with
PECVD-SiOx/SiNx antireflection coating shows excellent light-trapping
and matches well with simulation. A passivated emitter and rear con-
tact (PERC) solar cell employing NIPs (NIPs-PERC) was analyzed at the
cell as well module level using simulation. The simulation results show
that the NIPs-PERC solar cell possessed a significant better reflection
performance in both the short as well as long wavelength range, re-
sulting in a relative increase η of 1.4%. Furthermore, simulations
showed that a 60-cell module with NIPs-PERC solar cells can yield a
peak power of 310W, 8W higher than than a module with PERC cells
with a traditional texture. Hence, based on the experimental and
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simulation results we believe that MACE-NIPs are an appealing add-on
technology for various high-efficiency silicon solar cell architectures
such as PERC, all-back contact, and heterojunction solar cells.

2. Experimental

Industry-standard p-type (1 0 0) Czochralski-Si (Cz-Si) solar-grade
wafers with 156×156mm2 size, 2-Ωcm-resistivity and 190 ± 10 µm-
thickness were used as substrates. After the standard cleaning process,
NIPs textures were prepared on the surface of Si wafers as follows: (i)
The cleaned Si wafers were immersed in the mixed solutions of AgNO3

(0.0005M)/HF (4M)/H2O2 (1M) for 8min, resulting in porous Si. (ii)
Si wafers with porous Si were etched in an HF:HNO3=1:3 (volume)
solution at 6 °C for 3min to smooth the surface morphology and obtain
the modified nanoholes. (iii) Nano-inverted-pyramid textures were
formed on the surface of Si wafer by the anisotropic etching of 80 °C-
NaOH solutions for 2min. For comparison, traditional pyramid textures
were prepared by immersing a Si wafer in a 1.5%-NaOH (mass) solution
at 80 °C for 20min, after the RCA cleaning process of the Si wafer. The
deposition of a SiOx/SiNx antireflection coating on the front surface of
the NIPs and micro-pyramids wafers was performed by PECVD
(M82200-6/UM, CETC 48th Research Institute) at a substrate tem-
perature of 400 °C using NO2/SiH4 and NH4/SiH4 gas mixtures for the
SiOx (∼2 nm) and SiNx (∼75 nm) deposition, respectively. Meanwhile,
for the measurement of the effective minority carrier lifetimes, the
PECVD-SiOx/SiNx thin films were symmetrically deposited on both
sides of wafers with NIPs and traditional micro-pyramids by the same
PECVD process, respectively. Finally, all samples were annealed in at-
mosphere at 625 °C for 5min (AF1200-40, Shanghai MicroX).

The morphology of the NIPs was investigated by field emission
scanning electron microscopy (SEM) (FE-SEM, FEI Sirion 200). The
reflectance spectra were measured on a commercial quantum efficiency
measurement system (QEX10, PV Measurements). The effective

minority carrier lifetimes maps were obtained by microwave photo-
conductance decay method (WT-2000 SEMILAB). The measured

Fig. 1. (a) SEM plan-view image of porous Si obtained by MACE. (b) SEM top
view image of the modified nanoholes by following treatment in an HF/HNO3

solution. (c) SEM plan-view image of NIPs which were obtained by subsequent
processing in NaOH solutions. (d) Magnified SEM plan-view image of NIPs. (e)
SEM plan-view image of traditional micro-pyramids. (f) Magnified SEM plan-
view image of traditional micro-pyramids.

Fig. 2. (a) The solar averaged reflectance Rave and (b) the measured reflectance
of four different surface morphology over the 300–1100 nm wavelength range.
(c) Effective minority carrier lifetime map of PECVD-SiOx/SiNx passivated NIPs
(left) and (d) traditional micro-pyramids (right).

Fig. 3. The schematic device structure of the simulated NIPs-PERC solar cells.
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reflectance was fitted, and subsequently, the output performance of the
solar cells and modules was simulated using the commercial ray-tracing
software SunSolve (SunSolve™, 2019).

3. Morphology and optical properties

Fig. 1(a)–(d) shows the progression of the silicon surface from
porous silicon to NIPs by plan-view SEM images. Fig. 1(a) shows the
porous Si morphology of Si wafer after etching in AgNO3/HF/H2O2.
Nanoscale porous Si was uniformly distributed on the surface of Si
wafer, and the porous silicon feature size could be estimated at
50–100 nm. To obtain larger nanoholes, we modify the Si porous sur-
face by isotropic etching in HF/HNO3. As shown in Fig. 1(b), nanoholes
with an average diameter being ∼800 nm formed on the surface of Si
wafer and the irregular clusters which are visible in Fig. 1(a) were

removed which is beneficial to the formation of the sub-micrometre
NIPs. Subsequently, NIPs shown in Fig. 1 (c) were obtained by aniso-
tropic etching in an 80 °C-NaOH solution. The SEM plan-view images
show that the surface is quite uniformly covered with NIPs, which is
beneficial to the output performance of the solar cell. Fig. 1(d) shows
the magnified SEM plan-view image of NIPs and the opening side length
and depth of NIPs were estimated as ∼840 nm and∼ 600 nm, respec-
tively. For comparison, we prepared the micro-pyramids on the surface
of the same Cz-Si wafer by a standard industrial process on a production
line. As expected, the prepared mono texture was a micro-pyramid
structure with a height of ∼3 μm and a width of ∼4 μm as shown in
Fig. 1(e) and (f), possessing a larger feature size than NIPs. The most
important difference between a traditional pyramid texture and NIPS is
that light undergoes one or two additional bounces than that in tradi-
tional micro-pyramids before being lost by reflection (Wang et al.,
2014), attributing to a better light-trapping effect in the short- wave-
length range.

To investigate the optical properties of the NIPs textures, we cal-
culate the solar averaged reflectance Rave over the wavelength range
300–1100 nm (see Fig. 2(a)), and compare the reflectance of the NIPs
texture with the other morphologies corresponding to different inter-
mediate processes as shown in Fig. 2(b). We calculate the solar aver-
aged reflectance Rave by averaging the reflectance over the AM1.5
spectrum in the wavelength range 300–1100 nm as follows:

∫

∫
=R

R λ S λ dλ

S λ dλ

( )· ( )·

( )·
ave

300 nm
1100 nm

300 nm
1100 nm

(1)

where R(λ) and S(λ) denote the measured reflectance and AM1.5 solar
photon spectral distribution, respectively. As shown in Fig. 1(a), the
Raves of porous Si, nano-holes, NIPs, NIPs with SiOx/SiNx coating are
15.73%, 14.57, 11.91% and 3.94%, respectively, meaning a decreasing
trend of Raves with the etching processes. Importantly, compared to the
corresponding Rave of traditional micro-pyramids without (12.77%) and
with SiOx/SiNx coating (7.65%), both NIPs and NIPs with SiOx/SiNx

coating have an obvious reflection superiority which is beneficial to the
short-circuit current of the device.

For the reflectance over the whole wavelength range of
300–1100 nm, the porous Si has a low reflection in the short wave-
length range of 300–450 nm and a noticeable increase in reflection from
550 to 850 nm as shown in Fig. 2 (b). As expected, porous Si with a
feature size of 60–100 nm can trap short wavelength light, while it is
increasingly seen an “effective medium” consisting of silicon and air for
larger wavelengths (Branz et al., 2009). After the HF/HNO3 etch, the
nanohole-covered surface shows a higher reflection in the 300–450 nm
wavelength range due to the smoothing of the surface, while the re-
flectance in the 550–1000 nm range is significantly reduced due to a
combination of a smooth surface and light trapping by the nano-holes.
The sample with the NIPs shows a higher reflectance in the short

Fig. 4. (a) Simulated reflectance and quantum efficiency (QE) of NIPs-PERC comparing with those of traditional pyramids solar cell. (b) Simulated I-V and P-V curves
of a NIPs-PERC solar cell.

Table 1
Parameters settings of solar cell and module by SunSolve software.

Simulations Descriptions Parameters settings

Solar cells Wafer P-type, Cz, 180 μm-thickness, 2-Ωcm-
resistivity, 244 cm2

Textures NIPs-PERC: 1 μm–height Nano-inverted-
pyramids
Traditional PERC: 3 μm–height Micro-
upright-pyramids

Antireflection coatings SiOx (2 nm)/SiNx (78 nm)
Rear surface passivation SiOx (5 nm)/SiNx (250 nm)/AlSi (2 μm)
Solar cell model Duodiode
Saturation current J01 237 fA/cm2

Ideality factor m1 1
Saturation current J02 271nA/cm2

Ideality factor m2 2
Shunt resistance Rsh 18.3 kΩ‧cm2

Series resistance Rs 0.58Ω‧cm2

Busbars 5 BB, height: 35 μm, width: 500 μm
Fingers 90 fingers, height: 35 μm, width: 45 μm

Modules Cell numbers 60
EVA thickness 0.45mm
Glass thickness 2mm

Table 2
Simulated output performance NIPs solar cell and module comparing with
those of traditional one.

Simulations Textures Pmax(W) Voc(V) Isc(A) FF(%) Eff(%)

Solar cells Traditional PERC 5.33 669 9.93 80.3 21.8
NIPs-PERC 5.38 669 10.0 80.3 22.1

Modules(60 cells) Traditional PERC 302 667 9.36 80.5 20.6
NIPs-PERC 310 668 9.61 80.4 21.2
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wavelength range of 300–450 nm which can be attributed to the fact
that the feature size of the NIPs is significantly larger than the wave-
length and, consequently, the reflection is determined by normal geo-
metrical optics. However, compared to the traditional micro-pyramids,
the uncoated NIPs possess better light trapping properties over the
whole wavelength range which can be attributed to triple or more
bounces in the NIP structures before the light escapes from the surface
(Mavrokefalos et al., 2012). Importantly, for the PECVD-SiOx/SiNx

capped case, both the NIPs and micro-pyramids show a sharp reduction
of the reflectance over the whole 300–1100 nm wavelength range, and
the reflectance difference between the PECVD-SiOx/SiNx coated NIP
and traditional pyramids is even further magnified in the wavelength
range of 300–600 nm. The major reasons for such a magnified re-
flectance difference after PECVD-SiOx/SiNx deposition may lie in the
wafer-scale non-uniformity, the better geometric optics antireflection
and the enhanced destructive interference of the PECVD-SiOx/SiNx

coated NIPs arrays (Zhong et al., 2015b).
Now, we turn to the measured lifetimes of the effective minority

charge carriers for PECVD-SiOx/SiNx passivated NIPs and traditional
micro-pyramids, which is an important parameter to reflect the elec-
trical properties of the samples. As shown in Fig. 2, the average lifetime
of PECVD-SiOx/SiNx coated NIPs was 15.82 μs, indicating an identical
passivation level as the passivated micro-pyramids with a lifetime value
of 18.92 μs. This is not surprising as the effective surface area of the two
textures is expected to be equal at roughly 1.74 times that of a planar
sample. Furthermore, the pit structure of NIPs might be beneficial for
subsequent contacting (Wang et al., 2014). In a word, the excellent
light-trapping and electrical properties make NIPs an attractive tex-
turing for the Si high-performance photovoltaic devices such as PERC,
all-back contact, and heterojunction solar cells.

4. Simulated performance of NIPs-PERC solar cells and modules

Fig. 3 shows the schematic device structure of the NIPs-PERC. It
consists of a MACE-NIPs texture with a SiOx/SiNx stack on an n+

emitter. The rear reflector consisted of a SiOx/SiNx stack with a screen-
printed Al with locally alloyed rear contacts.

Using the SunSolve software, we simulated the reflectance and
quantum efficiency (QE) of NIPs-PERC solar cell as shown in Fig. 4(a).
The detailed simulation parameters settings are listed in Table 1. Note
that we set the feature size of the optimized NIPs as 1-μm which is fully
in the geometric optics regime and is suitable for the simulation based
on ray-tracing SunSolve software (Payne et al., 2018). As shown in
Fig. 4(a), the measured reflectance of NIPs with PECVD-SiOx/SiNx is
much lower than that of the simulated one in the wavelength range of
300–700 nm. Hence, the simulated values will underestimate the true
potential of the NIPs. Notably, in both the 300–500 nm wavelength
range and the 900–1050 nm wavelength range, the simulated re-
flectance of NIPs capped by SiOx/SiNx is lower than that of traditional
micro-pyramids resulting in a significantly improved simulated QE of a
NIPs-PERC solar cell.

Benefiting from a superior optical performance of the NIPs com-
pared to the random pyramids, the NIPs-PERC solar cell demonstrates a
very high performance with a high short-circuit current of 10.0 A, an
open-circuit voltage (Voc) of 0.669 V, a fill factor (FF) of 80.3%, as well
as power conversion efficiency (η) of 22.1% as shown in Fig. 4 (b) (see
parameters settings in Table 1). Compared to the PERC solar with
random pyramids, the NIPs-PERC solar cell has a simulated increase of
70mA while the Voc and FF are not affected, consequently increasing
the η from 21.8% to 22.1% (a relative increase of 1.4%). Furthermore,
we simulate the performance of a standard NIPs-PERC module with 60
cells (see Table 2). The module power of NIPs-PERC was simulated to
be 311W, which is 1.3% relatively higher than the 307W simulated for
the module with random pyramid solar cells.

5. Conclusions

By optimising the morphology of MACE porous Si and acid modified
nanoholes, we prepared highly uniform NIPs texture on the front sur-
face of industry-sized (156×156mm2) silicon wafers under the ani-
sotropic etching of NaOH. The measured reflection curve shows that the
NIPs capped by PECVD-SiOx/SiNx demonstrates a lower reflection than
traditional micro-pyramids. Subsequently, we analyzed passivated
emitter and rear contact (PERC) with NIPs (NIPs-PERC) at cell as well
module level using simulation. The simulation results show the NIPs-
PERC solar cell can reach a η of 22.1% which is 1.4% relative higher
than that of the traditional PERC as a result of the better reflection
performance in both the short as well as long wavelength range.
Furthermore, the simulation of a 60-cell PV module with NIPs-PERC
solar cells yields a peak power of 310W module which is 8W higher
compared to a traditional PERC module. These experimental and si-
mulation results demonstrate that MACE-NIPs possess a great potential
to be used in various high-efficiency Si solar cell architectures.
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ABSTRACT: Many research groups have noticed the perform-
ance of rapidly developed perovskite/silicon monolithic tandem
solar cells (TSCs) under a real situation, but they overlook the
short current density mismatch of two subcells at different times
in a day and the spectrum variation at different latitudes. Here,
we have systematically analyzed the efficiency losses and
proposed an optimization scheme by combination of the
experiment and simulation relying on reliable experimental
data in a year. We have verified the simulated absorptance
spectra varying with incident angle θ to substitute the external
quantum efficiency spectra, which makes the optimization at
oblique incidence possible. More importantly, we have further
calculated and expanded the optimized current losses and
energy output enhancement in perovskite/silicon monolithic
TSCs to all latitudes. This work can serve as a practical guidance for the design of perovskite/silicon monolithic TSCs with the
best annual energy output at different latitudes in the world.

1. INTRODUCTION

In recent years, perovskite/silicon tandem solar cells (TSCs)
have attracted tremendous concern in photovoltaics because of
low-cost, high conversion efficiency potential, and high
compatibility of preparation technologies.1−3 According to
device architectures, perovskite/silicon TSCs can be classified
to three types: monolithic integrated two-terminal (2T) TSCs,
three-terminal (3T) TSCs, and mechanically stacked four-
terminal (4T) TSCs. Because of less complexity and fewer
transparent electrodes, 2T configuration has better feasibility in
application fields than 3T and 4T architectures.1−6 The
efficiencies of 2T TSCs7−14 have increased from 13.7%7 in
2015 to 23.6%10 in 2018 by employing better transport
materials and a more suitable band gap. Soon Sahli et al. have
reported a 25.2% efficiency perovskite/silicon monolithic TSC
by using a new hybrid two-step perovskite deposition method
to achieve conformal growth of multiple-compound perovskite
on micrometer-sized pyramids.11 Recently, Köhnen et al. have
reported a high efficiency 2T TSC with an efficiency of 26% by
seeking a balance between the current mismatch and the fill
factor (FF).13 The efficiency losses caused by reflection,
current mismatch, and parasitic absorption in transparent
electrodes and transport materials of 2T TSCs can be further
optimized in order to approach an efficiency limit of 43%.15

More conventional and feasible perovskite preparation
methods on a textured silicon surface are absolutely necessary
to be found, which will play an important role in the highly
efficient perovskite/silicon monolithic TSCs.

Nowadays, the perovskite/silicon TSC technologies are
becoming more and more mature for industrialization. On the
one hand, the best efficiencies for both 2T and 4T
configurations are over 27%, exceeding the present record
efficiency of 26.7% in silicon solar cells,16 where some
companies have contributed leading positions in the research
and development of perovskite/silicon TSCs. Oxford PV has
achieved certified 28% efficient perovskite/silicon 2T TSCs
with 1 cm2 cell area.17 IMEC has reported 27.1% efficient
perovskite/silicon 4T TSCs with 0.13 cm2 cell area.18 On the
other hand, the efforts to amplify the cell area of perovskite/
silicon monolithic TSCs are also on the way. Shali et al. have
demonstrated a 12.96 cm2 monolithic tandem cell with a
steady-state efficiency of 18% by using nanocrystalline silicon
recombination junction.19 Zheng et al. have employed a new
front top metal grid design to increase the cell area to 16 cm2

with an efficiency of 21.8%.20 Kamino et al. have fabricated
large area perovskite/c-Si TSCs with a steady-state efficiency of
22.6% over an aperture area of 57.4 cm2 with a two-bus bar
metallization pattern by a screen-printing process.21

The rapid progress in the industrialization of perovskite/
silicon TSCs has already yielded the notice on the performance
of perovskite/silicon TSCs under a real situation. Dupre ́ et al.
have evaluated annual losses because of differences by varying
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light intensity, module temperature, and spectrum on Denver
at vertical incidence.22 Josť et al. have calculated the yearly
energy yield for 2T TSCs with different textured foil at fixed
solar cell orientation/inclination.23 Schmager et al. have
proposed a framework that enables detailed calculation of
power output under realistic irradiation conditions by
employing a simple cloud model.24 Nevertheless, these
considerations have not focused on how to balance the
short-current density (JSC) mismatch of two subcells at
different times in a day and the spectrum variation at different
latitudes. In this study, we have thoroughly analyzed the
efficiency losses of perovskite/silicon monolithic TSCs at
different times under clear-sky conditions in a year, and
proposed an optimization scheme by the combination of
experiment and simulation relying on reliable experimental
data. Based on our previous theoretical work25−28 and
experimental measurement for two individual subcells, we
have verified the simulated absorptance spectra varying with
incident angle θ to substitute the external quantum efficiency
(EQE) spectra, which makes the optimization at oblique
incidence possible. By combining oblique incidence with a
quasi-omnidirectional pyramid textured front surface, we have
proposed for the first time a method to make the output of
perovskite/silicon monolithic TSCs during the mid-part of the
days as large as possible and meanwhile minimize the losses
during early and late day. Furthermore, we have also expanded
the study to all latitudes and calculated the corresponding
optimized current losses and energy output enhancement in
perovskite/silicon 2T TSCs. This work will benefit for the
design of perovskite/silicon monolithic TSCs with the best
annual energy output at different latitudes in the world.

2. EFFICIENCY LOSSES AT VERTICAL INCIDENCE
For perovskite/silicon monolithic TSCs, many researchers
have fabricated the best current match solar cell under the AM
1.5 G spectrum (standard test conditions).7−12,17 However in
practical application, the spectrum changes all the time because
the position of the sun and the atmospheric properties vary
with time and geographic position such as the sun elevation
angle, the sun zenith angle, temperature, pressure, precipitable
water, ozone, and albedo.29 Because there is still no unified,
comprehensive radiative transfer model for clouds and diffuse
light so far,24 the real solar spectra that we chose is under clear-
sky conditions, where direct light contributes a significant
portion of the overall irradiation. To evaluate the influence of
varying spectra, we have calculated JSC and efficiency based on
real perovskite/silicon monolithic TSCs under real solar
spectra. First, we assumed that the module plane was always
vertical to the sun light which can be easily achieved by tuning
tilt and azimuth angles. The tilt angle was the angle between
the plane of the module and horizontal, while the azimuth
angle was the angle between the plane of the module and due
north.30 Then, we chose our university location Shanghai
(latitude ≈ 30°N, longitude ≈ 120°E) as an example with the
real simulated solar spectra under clear-sky conditions at
different dates and sidereal time obtained from the website
PVlighthouse.com. Other parameters had default values
(including transmission model: SPCTRAL2 [Bir86]/atmos-
pheric pressure: 1013.25 mb/turbidity at 500 nm: 0.084/
precipitable water vapour: 1.4164 cm/ozone: 0.3438 atm cm/
albedo: 0.1). As an example, Figure 1a shows the solar spectral
irradiance with time ranging from 6 to 12 o’clock on June 20,
2018 in Shanghai 30°N. We took the maximum point at each

time and plotted the solar irradiance varying with time, as
shown in Figure 1b, on March 20, June 20, Sept 20, and Dec
20, respectively. These days are the representative days of the
spring, summer, autumn, and winter seasons of the Northern
Hemisphere. When the intensity of solar irradiance is lower
than 50 W/m2 (the dashed line), we think that the sun sets and
module is not working.
Thereafter, we extracted the EQE spectra from two kinds of

current world record perovskite/silicon monolithic TSCs with
efficiencies of 23.610 and 25.2%11 for different textured front
surfaces (we have noticed that Oxford PV has announced an
efficiency of 28%, but there are no EQE data reported17).
Based on the solar spectra and the EQE spectra (EQE(λ)), JSC
varying with time can be calculated using eq 1

J t
q
hc

E t( ) ( , )EQE( ) dSC ∫ λ λ λ= λ
(1)

where E(λ,t) is the incident photon energy flux of different
time t and q is the electron charge.
Next, the open-circuit voltage (VOC) calculated from the JSC

by the Shockley diode equation is given as

V t
k T

q

J t

J
( ) ln

( )
1OC
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0

= +
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k
jjjjjj

y

{
zzzzzz (2)

Figure 1. (a) Solar spectral irradiance varying with time on June 20,
2018 in Shanghai. (b) Solar irradiance on March 20, June 20, Sept 20,
and Dec 20, 2018 in Shanghai. (c) Calculated current density of the
top perovskite and bottom silicon heterojunction solar cells varying
with time. (d) Simulated efficiency (left) of perovskite/silicon
monolithic 2T TSCs with an efficiency of 23.6%10 varying with
time, compared with that of 4T TSCs and their efficiency difference
ΔEff (right). Relative efficiency losses of different latitudes based on
the perovskite/silicon monolithic TSCs with an efficiency of (e)
23.610 and (f) 25.2%,11 using 4T TSCs at vertical incidence as
reference.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b10186
J. Phys. Chem. C 2019, 123, 28659−28667

28660

88

http://PVlighthouse.com
http://dx.doi.org/10.1021/acs.jpcc.9b10186


where kB is the Boltzmann constant and T is the room
temperature (298 K). J0 is the diode saturation current density
which can be obtained from experimental results: for different
top perovskite cells, J0

(perovskite) was derived from the current
density−voltage (J−V) curve of the perovskite solar cells
acquired from recent literature;31 while J0

(Si) was derived from
the world record silicon heterojunction solar cell reported by
Masuko et al.32,33 with VOC = 0.74 V and JSC = 41.8 mA/cm2.
The VOC of perovskite/silicon monolithic TSCs is calculated
by adding the VOC’s of two individual subcells, while the JSC of
TSCs is the smaller value of two subcells. Because of the
incident power varying with time and geographic position, we
employed the incident power under standard test conditions as
a reference standard in order to make the efficiency
comparable. Given that the FF is constant with time t, the
efficiency η of the simulated solar cell based on incident power
under standard test conditions can be obtained by

t
J t V t

( )
FF ( ) ( )

0.1 W/cm
SC OC

2η =
× ×

(3)

We calculated in Figure 1c, the JSC of both subcells based on
perovskite/silicon monolithic TSCs with an efficiency of 23.6%
varying with time on June 20. Obviously, the best matched
times are at 8 and 16 o’clock. When time is between 8 and 16
o’clock, the JSC’s of bottom silicon subcell are lower than those
of top perovskite subcell. So, the current mismatch is existing
at most time in a day. Figure 1d shows the efficiency of the
perovskite/silicon monolithic 2T TSCs varying with time
based on the yielded JSC in Figure 1c, together with the results
of mechanically stacked 4T TSCs for comparison. We can see
that the efficiencies of 2T TSCs are obviously lower than those
of 4T TSCs, with the average absolute efficiency difference
ΔEff about 1.6% (relative efficiency ≈ 7%). The efficiencies of
2T TSCs are close to those of 4T TSCs only at 8 and 16
o’clock when the JSC’s of both subcells are almost equal. We
could finally show in Figure 1e,f the relative efficiency losses in
the two typical perovskite/silicon monolithic TSCs with
efficiencies of 23.610 and 25.2%11 at different latitudes of
0°N, 30°N, and 60°N and different dates of March 20, June
20, Sept 20, and Dec 20. It is clear that the relative efficiency
losses gradually become larger as the latitude goes up, and the
relative efficiency losses are always greater than 5% (can be
even ∼15% in winter) which are too large for practical
application.

3. SIMULATION METHODS AND VALIDATION

In order to optimize efficiency losses, we need to have the EQE
spectra of perovskite/silicon monolithic TSCs varying with
incident angle θ. However, the EQE measurement for
individual subcells is not suitable for perovskite/silicon
monolithic TSCs. The EQE spectra of tandem cells are
normally measured by using strong blue and red light biases to
saturate the complementary subcells,10,11 with additional weak
light to achieve the EQE spectra of corresponding subcells. In
our previous paper,26 we have elaborated that the simulated
absorptance spectra of TSCs calculated by the finite-difference
time-domain (FDTD) method can correctly show the
tendency of EQE spectra at vertical incidence. On this
account, it may be suitable and accurate to accomplish the
task by using the simulated absorptance spectra varying with
incident angle θ in substitute of the EQE spectra.

For the sake of verifying simulation validation of the
absorptance spectra varying with incident angle θ, we have first
fabricated both two single junction solar cells of a silicon
heterojunction and perovskite solar cells, respectively. For
silicon heterojunction solar cells, as shown in Figure 2a, the

used substrates were n-type c-Si wafers. Both n a-Si:H (∼10
nm)/i a-Si:H (∼5 nm) and p a-Si:H (∼10 nm)/i a-Si:H (∼5
nm) stack layers were deposited on the front and rear sides of
the cells at a substrate temperature of 200 °C via plasma-
enhanced chemical vapor deposition. Tungsten-doped tin
oxide (In2O3:W) was deposited on both sides of the substrates
as transparent conductive oxide (TCO) layers and antire-
flection layers by a reactive plasma deposition system. Finally,
silver electrodes were screen printed on both sides. The details
can be found in our previous paper.27 The efficiency of our
silicon solar cells (size 156 mm × 156 mm) is about 23.0%
measured under the AM 1.5 G spectrum. For perovskite solar
cells, as shown in Figure 2b, the used substrates were the
cleaned patterned fluorine-doped tin oxide (In2O3:F, a kind of
TCO)/glass substrates. A NiOX film was deposited on the
substrates by our electrochemical deposition method.34 Then,
a perovskite layer was prepared by a one-step method35 upon
the NiOX layer. Thereafter, PC60BM and BCP layers (∼10 nm)
were deposited successively on the perovskite layer by spin-
coating. Finally, the silver electrode was deposited using
thermal evaporation. Please refer to ref 34 for details. The
efficiency of our prepared perovskite solar cells (size 5 mm × 5

Figure 2. Schematic diagrams of the (a) silicon heterojunction solar
cell and (b) perovskite solar cell. The parameter θ denotes incident
angle in the study. J−V characteristics of the (c) silicon
heterojunction solar cell and (d) perovskite solar cell. Measured
EQE spectra of the (e) silicon heterojunction solar cell and (f)
perovskite solar cell varying with incident angle θ.
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mm) is about 18.8% measured under a standard 1 sun AM 1.5
G solar simulator. The corresponding current J−V character-
istics of both single junction solar cells are shown in Figure
2c,d.
We have further measured the EQE spectra of both the

silicon heterojunction and perovskite solar cells by varying
incident angle θ. We have given the definition of incident angle
θ in Figure 2a,b, which is equal to the intersection angle
between the incident light direction and the positive z
direction. For silicon heterojunction solar cells, from Figure
2e, it is shown that the EQE spectra changes slightly at light
incident angle θ ranging from 0 to 60°, with the main
difference at the wavelength ranging from 400 to 600 nm.
However, the EQE spectra decrease quickly when θ increases
to 75°. The yielded JSC’s of different incident angle θ’s, in
Figure 2e, range from 40.34 to 36.64 mA/cm2. For perovskite
solar cells, Figure 2f shows that when the incident angle θ is
smaller than 45°, the EQE spectra drop very slightly with
increasing θ. Moreover, it decreases dramatically at light
incident angle θ ranging from 45 to 75°. The resulted JSC’s of
different incident angle θ’s in Figure 2f range from 20.64 to
14.95 mA/cm2. Because of different textured structures and
refractive indexes, there are obvious differences about EQE
spectra of the silicon heterojunction and perovskite solar cells
with varying θ.
Based on those EQE data and structures of individual

subcells, as shown in Figure 2, we employed the FDTD
simulation package in Lumerical FDTD Solutions software
(version 8.17.1072, 2017a) to perform optical calculations.
The incident light plane wave was set to have an amplitude of
one (with λ between 300 and 1200 nm) and was oriented
toward the negative z-direction (see Figure 2a,b). The incident
angle θ was changed by tuning the number of “angle theta” in
option “Source”. In addition, the polarization angle in FDTD
was set to be 45° as the consequence of averaging P
polarization and S polarization.27 We swept the wavelength
every 10 nm from 300 to 1200 nm. We obtained the
normalized reflectance R(λ) using a frequency-domain trans-
mission monitor set on the top surface of the solar cell. We
used the “Power absorbed” (Pabs) analysis group in the FDTD
package to get the absorptance of specific layers including the
silicon and perovskite layers.26 Perfectly matched layer
boundary conditions were used in the z-direction and Bloch
boundary conditions were used in the x−y directions. In order
to simplify the simulations, we assumed the internal quantum
efficiency of unity in the simulated materials.
The simulated silicon heterojunction solar cell, of which a

schematic drawing is shown in Figure 2a, consists of a 150 nm
thick TCO layer with a carrier concentration of 5.0 × 1019

cm−3, a 180 μm thick n-type c-Si with micron-sized pyramid-
textured surfaces, (ca. 5.0 μm) and a 100 nm thick TCO with a
carrier concentration of 2.0 × 1020 cm−3. Other amorphous
silicon thin film layers whose thicknesses were less than 10 nm
were eliminated from our optical model. The perovskite solar
cell, of which a schematic drawing is shown in Figure 2b,
consists of a 150 nm thick TCO with a carrier concentration of
2.0 × 1020 cm−3, a 10 nm thick electron transport layer of
PC60BM, a 460 nm thick perovskite layer (MAPbI3, with a
band gap of 1.56 eV), a 50 nm thick hole transport layer of
NiOX, and an 80 nm thick sliver electrode. The refractive
indexes and extinction coefficients of all materials were
obtained from the recent literatures.36−40

The simulated absorptances of silicon and perovskite solar
cells are shown in Figure 3a,b, respectively. We have already

assumed that every absorbed photon generates a hole−electron
pair, so the simulated absorptances are equal to the EQE
spectra. It is clear that the simulated absorptances of both solar
cells are similar to their EQE spectra (see Figure 2e,f) in
tendency with incident angle θ. For silicon solar cells, the
simulated JSC’s at incident angle θ ranging from 0 to 75° range
from 41.06 to 34.58 mA/cm2. They are very close to the JSC
calculated based on EQE spectra. For perovskite solar cells, the
JSC’s at incident angle θ ranging from 0 to 75° range from
23.15 to 19.74 mA/cm2. They are larger than the JSC calculated
from EQE spectra. The main reason for the difference is that
the quality of our prepared perovskite solar cells is obviously
unable to reach that of an ideal sample. Although there is some
difference between the absorptance and EQE spectra, they can
also correctly show the tendency varying with incident angle θ.
So, this simulated method can still be used to achieve optical
characteristics of perovskite/silicon monolithic TSCs varying
with incident angle θ.
Finally, we could calculate the absorptance spectra varying

with incident angle θ from the reported perovskite/silicon
monolithic TSCs10,11 by optimizing some parameters such as
carrier concentrations and thicknesses of each layer. The
simulated perovskite/silicon monolithic TSC consists of an
antireflective layer (150 nm, LiF)/a TCO layer (150 nm, with
a carrier concentration of 5 × 1019 cm−3)/an electron transport
layer (10 nm, PC60BM)/a perovskite layer (460 nm,
Cs0.17FA0.83Pb(Br0.17I0.83)3, with a band gap of 1.63 eV)/a
hole transport layer (28 nm, NiO)/a TCO layer (20 nm, with
a carrier concentration of 5.0 × 1020 cm−3)/a c-Si layer (280
μm)/an electrode layer (200 nm, Ag). The schematic can be
seen in our previous work as ref 26. Figure 3c,d shows the
calculated absorptance of TSCs varying with incident angle θ.
For Figure 3c, the TSC includes a polished front surface and a
micron-sized pyramid-textured rear surface (ca. 5.0 μm), while
for Figure 3d, the TSC features micron-sized pyramid-textured

Figure 3. Simulated absorptance of the (a) silicon heterojunction
solar cell and (b) perovskite solar cell varying with incident angle θ.
Simulated absorptance of perovskite/silicon monolithic TSCs varying
with incident angle θ (c) with a flat front surface and a textured rear
surface (ca. 5.0 μm) and (d) with textured front (ca. 1.0 μm) and rear
(ca. 5.0 μm) surfaces.
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front (ca. 1.0 μm) and rear (ca. 5.0 μm) surfaces. It is clear that
the simulated absorptances of both subcells decrease very
significantly with the incident angle θ larger than 60°, and the
variation is more drastic in the polished front surface case
(Figure 3c) than that in the micron-sized pyramid-textured
front surface case shown in Figure 3d. However, when the
incident angle θ is smaller than 60°, the absorptance of silicon
subcells keeps almost unchanged, while the absorptance of
perovskite subcells raises slightly with increasing θ at
wavelength ranging from 500 to 700 nm as a result of a
longer path in the perovskite layer.

4. OPTIMIZATION AT OBLIQUE INCIDENCE

In previous sections, we have calculated the efficiency losses at
vertical incidence and yielded the simulated absorptance
spectra of perovskite/silicon heterojunction monolithic TSCs
varying with incident angle θ. Now, we calculate the efficiency
losses of perovskite/silicon monolithic TSCs at oblique
incidence. By using the methods reported in Section 2, we
first examined different absorptance spectra of perovskite/
silicon heterojunction monolithic TSCs with a flat front surface
and a micron-sized pyramid-textured rear surface (ca. 5.0 μm)
by tuning the thicknesses of the perovskite layer. Then, we
employed eq 1 to calculate the JSC varying with time and
incident angle θ by replacing EQE spectra (EQE(λ)) with
absorptance spectra Pabs(λ,t). Thereafter, by using eqs 2 and 3,
we could calculate the VOC and efficiency η to form
corresponding data matrixes varying with time t and incident
angle θ, together with the results of 4T TSCs for comparison.
Finally, we achieved the efficiency difference, relative efficiency
losses, and relative-matched current enhancement based on the
yielded data matrixes.
Figures 4a−c shows the contour of efficiency difference ΔEff

in perovskite/silicon monolithic TSCs with a flat front surface
on June 20 at three different thicknesses of perovskite layers of
400, 430, and 460 nm, respectively. The corresponding
calculated JSC’s of their perovskite/silicon subcells under the
AM 1.5 G spectrum at vertical incidence are 18.2/19.1, 18.5/

18.8, and 18.8/18.4 mA/cm2, respectively. Obviously, the JSC
of perovskite subcells gradually increases with the thickness of
perovskite layer. In Figure 4a, the purple area that the
efficiency losses are ca. zero is mainly at incident angle θ
ranging from 30 to 75°. However, the purple area expands at
incident angle θ ranging from 0 to 75° in Figure 4b. The
reduced efficiency loss of perovskite/silicon monolithic TSCs
in Figure 4b is due to the fact that the appropriate mismatch of
JSC under the AM 1.5 G spectrum makes the JSC easier to
match at small incident angle θ under real solar spectra.
However, in Figure 4c, because the JSC of perovskite subcells is
larger than that of silicon subcells at vertical incidence, the
mismatch of JSC’s will become more serious when the incident
angle θ increases. As a result, it is impossible to minimize the
efficiency losses to zero at time ranging from 10 to 14 o’clock,
and the best case is the perovskite/silicon monolithic TSCs
with perovskite layer thickness of 430 nm.
We have further shown in Figure 4d, the simulated efficiency

extracted from efficiency matrixes based on the optimized
incident angle θ’s on June 20. It is found that the efficiencies of
perovskite/silicon 2T TSCs with a perovskite layer thickness of
430 nm are close to those of 4T TSCs at a time ranging from 9
to 15 o’clock. The highest efficiency of perovskite/silicon
monolithic TSCs is 26.4% at 12 o’clock on June 20. Figure 4e,f
shows the relative efficiency losses and relative-matched
current enhancements on March 20, June 20, Sept 20, and
Dec 20. The relative-matched current enhancement is
calculated by dividing the mismatched value of JSC’s at
optimized incident angle θ’s by those at vertical incidence.
Compared with the efficiency losses at vertical incidence as
shown in Figure 1e,f, all perovskite/silicon monolithic TSCs
with three different perovskite layer thicknesses at oblique
incidence have lower relative efficiency losses over the course
of a year. The relative efficiency losses are less than 2% (can be
<10% in winter) at a perovskite layer thickness of 430 nm. The
decrease of the relative efficiency losses is due to the fact that
the matched current is significantly enhanced at oblique
incidence as shown in Figure 4f. The relative-matched current

Figure 4. Contour of the efficiency difference ΔEff in perovskite/silicon heterojunction monolithic TSCs with a flat front surface and a micron-
sized pyramid-textured rear surface (ca. 5.0 μm) at different times and incident angle θ’s on June 20 at three different perovskite layer thicknesses of
(a) 400, (b) 430, and (c) 460 nm, respectively. (d) Optimized efficiency of perovskite/silicon heterojunction monolithic TSCs with a flat front
surface and a micron-sized pyramid-textured rear surface (ca. 5.0 μm) at different times on June 20. (e) Relative efficiency loss and (f) relative-
matched current enhancement of perovskite/silicon heterojunction monolithic TSCs with a flat front surface and a micron-sized pyramid-textured
rear surface (ca. 5.0 μm) on March 20, June 20, Sept 20, and Dec 20, using 4T TSCs at vertical incidence and mismatched current value at vertical
incidence as references, respectively.
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enhancement is always greater than 40% at a perovskite layer
thickness of 430 nm.
In Figure 4, we have succeeded in reducing the efficiency

losses of perovskite/silicon heterojunction monolithic TSCs
with a flat front surface by tuning the incident angle θ and the
thickness of the perovskite layer. However, the efficiency
(maximum ∼26.4% at 12 o’clock) is still not high enough
because of current losses caused by surface reflection and
parasitic absorptance. Therefore, we have identified, as shown
in Figure 5a, the current losses JLOSS in different layers varying

with incident angle θ. Clearly, the cell surface reflection plays
the most important roles in the current losses. Also, the surface
reflection loss is found to decrease gradually at incident angle θ
ranging from 0 to 45°, and then it increases visibly at incident
angle θ ranging from 45 to 75°, which can well explain the
mismatched efficiency at time ranging from 6 to 9 and 15 to 18
o’clock in Figure 4d. From Figure 5a, we can conclude that
optimizing surface reflection especially at high incident angle θ
is the best way to improve the efficiency losses of the
perovskite/silicon heterojunction monolithic TSCs at oblique
incidence.
Many research groups including ours10,11,25,26,41,42 reported

that texturing the front surface was the best way to minimize
the reflection by experiment and simulation. Nevertheless,
there is no reflection result on pyramid sizes of the textured

front surface at different incident angle θ’s. In Figure 5b, we
illustrated the calculated current loss caused by reflection
(JLOSS

(R) ) with different front pyramid period sizes and incident
angle θ’s. We assumed that the characteristic base angle of the
pyramid-texture was close to 50−52°, as was used in the
literature.43 It is found that different pyramid-textured sizes can
all reduce JLOSS

(R) to ca. 2.9 mA/cm2 at incident angle θ ranging
from 0 to 30°, clearly demonstrate that texturing the front
surface is effective in reducing the reflection. We also notice
that smaller pyramid-textured sizes favor the reduced JLOSS

(R) at
incident angle θ ranging from 30 to 75°, but JLOSS

(R) caused by
the reflection increases significantly to ca. 9.0 mA/cm2 at
incident angle θ around 75° under the pyramid-textured size
below 1.0 μm. Such low reflectance over broad incident angle
θ’s indicates that the perovskite/silicon monolithic TSCs with
a pyramid-textured front surface (∼1.0 μm) have quasi-
omnidirectional property.27 Therefore, the best pyramid size of
the textured front surface for application is ca. 1.0 μm, where
the optimized perovskite layer thickness is calculated to be 620
nm.
Figure 5c shows the contour of the efficiency difference ΔEff

in perovskite/silicon heterojunction monolithic TSCs with a
quasi-omnidirectional pyramid-textured front surface (∼1.0
μm) and the best perovskite layer thickness (∼620 nm) on
June 20. Compared with that in Figure 4b, the purple area that
the efficiency losses are ca. zero expands toward a smaller
incident angle and wider time range. Further evidence of the
improvement can be found in Figure 5d, where the efficiency
of perovskite/silicon heterojunction monolithic 2T TSCs is
almost the same as that of 4T TSCs at time ranging from 8 to
16 o’clock. Therefore, the output of perovskite/silicon
monolithic TSCs during the mid-part of the day on June 20
is as large as possible; meanwhile the efficiency losses during
early and late day are also reduced. The best efficiency of
monolithic TSCs is 28.6% at 12 o’clock on June 20 with the
relative efficiency loss of near 0% compared with that ca. 0.8%
in Figure 4e.

5. ENERGY OUTPUT ANALYSIS AND OPTIMIZED ΔJSC
From the above discussion, we have found a little current
mismatch of two subcells in perovskite/silicon monolithic
TSCs is better for achieving lower efficiency loss under solar
spectra of latitude 30°N. In order to further analyze the total
impact of a year, the relative efficiency loss at the location of
latitude 30°N is shown in Figure 6a varying the JSC difference
(ΔJSC) of two subcells, using 4T TSCs at vertical incidence as
references. The ΔJSC is defined by subtracting the JSC’s of
perovskite subcells from those of silicon subcells, which can be
calculated by eq 1 varying the perovskite layer thickness in
perovskite/silicon monolithic TSCs at vertical incidence under
the AM 1.5 G spectrum. It is obvious that the relative efficiency
losses of different seasons show different increasing and
decreasing relationships varying with the ΔJSC. We have also
calculated the annual energy output W in Figure 6a by eq 4

W P t t( ) dillum∫ η= ×
(4)

where Pillum is defined to be 0.1 W/cm2 according to standard
testing conditions under the AM 1.5 G spectrum and η(t) is
the conversion efficiency of different time t calculated by eq 3.
It is found that at the location of latitude 30°N, the annual
energy output reaches its maximum of 962 kW h/m2 at a ΔJSC

Figure 5. (a) Current losses JLOSS caused by different layers in
perovskite/silicon heterojunction monolithic TSCs with a flat front
surface and a micron-sized pyramid-textured rear surface (ca. 5.0 μm)
at a perovskite layer thickness of 430 nm varying with incident angle
θ. (b) Contour of current losses caused by reflection (JLOSS

(R) ) in
perovskite/silicon heterojunction monolithic TSCs with a micron-
sized pyramid-textured rear surface (ca. 5.0 μm) at different pyramid
period sizes of the textured front surface and incident angle θ’s. (c)
Contour of the efficiency difference ΔEff in perovskite/silicon
heterojunction monolithic TSCs with a pyramid textured front
surface (∼1.0 μm), a micron-sized pyramid-textured rear surface (ca.
5.0 μm) and the best perovskite layer thickness (∼620 nm) on June
20. (d) Simulated efficiency extracted from efficiency matrixes based
on the optimized incident angle θ’s of perovskite/silicon hetero-
junction monolithic 2T TSCs with a quasi-omnidirectional pyramid-
textured front surface (∼1.0 μm) and a micron-sized pyramid-
textured rear surface (ca. 5.0 μm) on June 20, together with the case
of 4T TSCs for comparison.
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of ca. 0.63 mA/cm2, which is the best balance point of
efficiency losses of a year.
The underlying cause of an optimized ΔJSC can be

understood by the relative intensity spectra shown in Figure
6b obtained by dividing solar spectral irradiance at the location
of latitude 30°N by the AM 1.5 G spectrum, taking June 20 as
an example. Obviously, the part absorbed by perovskite
subcells (light purple area) at a wavelength ranging from 300
to 780 nm changes more dramatically than that of silicon
subcells (light red area) at a wavelength ranging from 600 to
1200 nm, which makes the optimization of ΔJSC extremely
essential. The relative intensity at the light purple area
absorbed by perovskite subcells at 12 o’clock (the energy
output maximum point) is higher than 100%, which means
that the solar spectra at 12 o’clock are brighter than those of
the AM 1.5 G standard spectrum. However, for the light red
area absorbed by silicon subcells, the solar spectra at 12 o’clock
is close to those of the AM 1.5 G standard spectrum. Based on
the previous analysis in Figures 4b and 5c, the optimized
incident angle θ at 12 o’clock should be close to 0° (vertical
incidence) in order to achieve the minimum efficiency losses. If
the perovskite/silicon monolithic TSCs have the best matched
JSC’s of two subcells under the AM 1.5 G spectrum at vertical
incidence, the corresponding JSC’s of perovskite subcells will be
higher than those of silicon subcells under solar spectra of

latitude 30°N at 12 o’clock. Therefore, in order to make the
JSC’s of two subcells match under solar spectra of latitude
30°N, the JSC’s of the perovskite subcells under the AM 1.5 G
spectrum should be lower than those of silicon subcells under
the AM 1.5 G spectrum at vertical incidence, as observed a
positive optimized ΔJSC of ca. 0.63 mA/cm2 in Figure 6a.
Finally, we have expanded the study to the latitudes ranging

from 0°N to 60°N. We show in Figure 6c, the annual energy
output of three different devices (silicon single junction with
efficiency of 23.0%, 2T TSCs at vertical incidence, 2T TSCs at
optimized oblique incidence). Obviously, the annual energy
output decreases as the latitude goes up, and the annual energy
outputs of perovskite/silicon monolithic TSCs are higher than
those of silicon single junction solar cells at any latitudes
because of higher efficiency of perovskite/silicon monolithic
TSCs. For perovskite/silicon monolithic TSCs, the annual
energy output at optimized oblique incidence is higher than
that at the vertical incidence case. The energy output
enhancement and corresponding application values of
optimized ΔJSC are shown in Figure 6d. Clearly, the optimized
ΔJSC becomes smaller as the latitude goes up (the value can
even be negative at a latitude of 60°N) due to the fact that
solar spectra at short wavelengths decrease quickly as the
latitude goes up. In contrast, the energy output enhancement
gradually becomes larger as the latitude goes up. At latitude
ranging from 0°N to 20°N (between the equator and the
Tropic of Cancer), the energy output enhancement is relatively
small ca. 3% because of fairly stable spectra of different seasons.
However, the energy output enhancement can be even ∼9% at
latitude of 60°N, which will restrict significantly the application
of perovskite/silicon monolithic TSCs if not optimizing. The
optimized ΔJSC illustrated in Figure 6d provides a guideline for
the design of perovskite/silicon monolithic TSCs with the best
annual energy output at different latitudes in the world.

6. CONCLUSIONS

In summary, we have successfully analyzed the efficiency losses
of perovskite/silicon monolithic TSCs at vertical and oblique
incidence under real solar spectra at different times in a year
under clear-sky conditions. We have found that the average
absolute efficiency difference of best-matched perovskite/
silicon monolithic TSCs with a flat front surface on June 20
is about 1.6% (relative efficiency ≈ 7%) under real spectra at
vertical incidence, which is too large for practical application.
However, by employing the optimized incident angle θ, the
quasi-omnidirectional textured front surface (∼1.0 μm) and
the thickness of the perovskite layer (∼620 nm), the relative
efficiency loss can be reduced to near 0% at oblique incidence
on June 20. Furthermore, we have calculated the annual energy
output maximum of 962 kW h/m2 at the optimized ΔJSC of ca.
0.63 mA/cm2 at the location of latitude of 30°N. Finally, we
have shown the energy output enhancement and correspond-
ing values of optimized ΔJSC by expanding the study to
latitudes from 0°N to 60°N. These results could hopefully
improve the performance of perovskite/silicon monolithic
TSCs in practical application at different locations and
accelerate the industrialization path of perovskite/silicon
monolithic TSCs.
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Figure 6. (a) Relative efficiency loss (left) vs JSC difference (ΔJSC) of
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location of latitude 30°N, using 4T TSCs at vertical incidence as
reference. Positive and negative ΔJSC’s represent that the JSC’s of
silicon subcells are higher and lower than those of perovskite subcells,
respectively. Also shown is the corresponding annual energy output
(right) varying with the ΔJSC of two subcells. (b) Relative intensity
spectra obtained by dividing solar spectral irradiance on June 20 at the
location of latitude 30°N by the AM 1.5 G spectrum. The light purple
and light red areas represent the parts absorbed by perovskite and
silicon subcells, respectively. (c) Annual energy outputs of three
different solar cells varying with latitude at the North Hemisphere
under clear-sky conditions: silicon single junction cells with efficiency
of 23.0% (SJ 23.0%), perovskite/silicon monolithic TSCs at vertical
incidence (2T-vertical), and at optimized oblique incidence (2T-
oblique). (d) Energy output enhancement (left) and corresponding
optimized ΔJSC (right) of the perovskite/silicon monolithic TSCs at
optimized oblique incidence varying with latitude. Positive and
negative ΔJSC’s represent that the JSC’s of silicon subcells are higher
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The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b10186
J. Phys. Chem. C 2019, 123, 28659−28667

28665

93

mailto:wzshen@sjtu.edu.cn
http://dx.doi.org/10.1021/acs.jpcc.9b10186


ORCID
Lixiang Ba: 0000-0003-1118-0054
Tun Wang: 0000-0002-0020-3268
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the Natural Science Foundation
of China (11834011 and 11674225) and the Major State Basic
Research Deve lopment Program of China (no.
2018YFB1500501).

■ REFERENCES
(1) Werner, J.; Niesen, B.; Ballif, C. Perovskite/Silicon Tandem
Solar Cells: Marriage of Convenience or True Love Story?An
Overview. Adv. Mater. Interfaces 2018, 5, 1700731.
(2) Lee, J.-W.; Hsieh, Y.-T.; De Marco, N.; Bae, S.-H.; Han, Q.;
Yang, Y. Halide Perovskites for Tandem Solar Cells. J. Phys. Chem.
Lett. 2017, 8, 1999−2011.
(3) Todorov, T. K.; Bishop, D. M.; Lee, Y. S. Materials perspectives
for next-generation low-cost tandem solar cells. Sol. Energy Mater. Sol.
Cells 2018, 180, 350−357.
(4) Schnabel, M.; Rienacker, M.; Warren, E. L.; Geisz, J. F.; Peibst,
R.; Stradins, P.; Tamboli, A. C. Equivalent Performance in Three-
Terminal and Four-Terminal Tandem Solar Cells. IEEE J. Photovolt.
2018, 8, 1584−1589.
(5) Santbergen, R.; Uzu, H.; Yamamoto, K.; Zeman, M.
Optimization of Three-Terminal Perovskite/Silicon Tandem Solar
Cells. IEEE J. Photovolt. 2019, 9, 446−451.
(6) Warren, E. L.; Deceglie, M. G.; Rienac̈ker, M.; Peibst, R.;
Tamboli, A. C.; Stradins, P. Maximizing Tandem Solar Cell Power
Extraction Using a Three-Terminal Design. Sustainable Energy Fuels
2018, 2, 1141−1147.
(7) Mailoa, J. P.; Bailie, C. D.; Johlin, E. C.; Hoke, E. T.; Akey, A. J.;
Nguyen, W. H.; McGehee, M. D.; Buonassisi, T. A 2-Terminal
Perovskite/Silicon Multijunction Solar Cell Enabled by a Silicon
Tunnel Junction. Appl. Phys. Lett. 2015, 106, 121105.
(8) Werner, J.; Weng, C.-H.; Walter, A.; Fesquet, L.; Seif, J. P.; De
Wolf, S.; Niesen, B.; Ballif, C. Efficient Monolithic Perovskite/Silicon
Tandem Solar Cell with Cell Area > 1 cm2. J. Phys. Chem. Lett. 2016,
7, 161−166.
(9) Wu, Y.; Yan, D.; Peng, J.; Duong, T.; Wan, Y.; Phang, S. P.;
Shen, H.; Wu, N.; Barugkin, C.; Fu, X.; et al. Monolithic Perovskite/
Silicon-Homojunction Tandem Solar Cell with Over 22% Efficiency.
Energy Environ. Sci. 2017, 10, 2472−2479.
(10) Bush, K. A.; Palmstrom, A. F.; Yu, Z. J.; Boccard, M.;
Cheacharoen, R.; Mailoa, J. P.; McMeekin, D. P.; Hoye, R. L. Z.;
Bailie, C. D.; Leijtens, T.; et al. 23.6%-Efficiency Monolithic
Perovskite/Silicon Tandem Solar Cells with Improved Stability.
Nat. Energy 2017, 2, 17009.
(11) Sahli, F.; Werner, J.; Kamino, B.; Brauninger, M.; Monnard, R.;
Salomon, B.; Barraud, L.; Ding, L.; Leon, J.; Sacchetto, D.; et al. Fully
Textured Monolithic Perovskite/Silicon Tandem Solar Cells with
25.2% Power Conversion Efficiency. Nat. Mater. 2018, 17, 820−826.
(12) Bush, K. A.; Manzoor, S.; Frohna, K.; Yu, Z.; Raiford, J.;
Palmstrom, A.; Wang, H.; Prasanna, R.; Bent, S. F.; Holman, Z. C.;
et al. Minimizing Current and Voltage Losses to Reach 25% Efficient
Monolithic Two-Terminal Perovskite-Silicon Tandem Solar Cells.
ACS Energy Lett. 2018, 3, 2173−2180.
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nd stable perovskite solar cells via
bilateral passivation layers†

Tun Wang, Zhendong Cheng, Yulin Zhou, Hong Liu* and Wenzhong Shen*

NiOx-based perovskite solar cells (PSCs) have drawn tremendous attention and achieved significant

improvement in recent years. Interfacial engineering is a promising route for enhancing performances of

PSCs with larger open-circuit voltage (VOC) and short-circuit current density (JSC). Herein, we report

a simple method for improving the performance of PSCs by applying bilateral polystyrene layers between

the perovskite absorber and charge transport layers, respectively. The top and bottom surfaces of the

perovskite layer are passivated and protected by ultrathin bilateral polystyrene layers, which results in

highly efficient devices with a larger perovskite grain size, fewer interfacial defects and suppressed

charge recombination. As a result, a power conversion efficiency (PCE) of 19.99% is achieved without

hysteresis and the VOC is as high as 1.149 V, which is so far the best result for p–i–n PSCs based on pure

CH3NH3PbI3. Moreover, the devices also show improved long-term stability. This study provides

a powerful strategy to design and prepare highly efficient and stable perovskite solar cells.
1. Introduction

Perovskite solar cells (PSCs) have attracted much attention
because of their desirable advantages such as the simple
fabrication process, adjustable band energy, efficient light
absorption, high charge-collection efficiency, etc.1,2 The record
power conversion efficiency (PCE) has rapidly increased to over
24% in recent years, making them potential candidates for new
generation photovoltaic technology in the near future.3–5 To
achieve high-performance PSCs, all of the functional layers in
a perovskite solar cell have to be successively prepared as
perfectly as possible by controlling both morphological and
electronic properties because each layer plays a vital role in the
device performance.6 Recently, as an outstanding representative
of p-type metal oxide semiconductors, nickel oxide (NiOx) has
been extensively studied as a hole transport layer (HTL) because
of its suitable work function, high conduction band edge, high
electrical conductivity, and high thermal and chemical
stability7,8 and can be an excellent replacement for the popular
organic HTL materials, such as Spiro-OMeTAD and
PEDOT:PSS.9–11 The hysteresis of PSCs based on an NiOx HTL
can be effectively suppressed using inverted planar congura-
tion (p–i–n) compared with the normal n–i–p architecture.12,13

This is due to the limited ion migration, balanced hole and
electron transport efficiency, and appropriate compensation for
uantum Control (Ministry of Education),

cs and Astronomy, Shanghai Jiao Tong
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the slightly shorter diffusion length of holes than of electrons in
the perovskite lm for the inverted heterojunction devices.10,14

However, it is still challenging to prepare highly efficient and
stable PSCs. Firstly, the organic–inorganic hybrid perovskite
material CH3NH3PbI3 (MAPbI3) is very sensitive to humidity and
heat, which signicantly degrade the photovoltaic properties
and stability of the prepared PSCs when they are exposed to
a hot and humid environment.15 Secondly, the pinholes or
crystal defects of a prepared perovskite layer induced by grain
boundaries and roughness cannot be easily removed by
solution-derived methods even though the preparation process
has been signicantly optimized. This would enhance the non-
radiative recombination and thus cause a loss in open-circuit
voltage (VOC) and short-circuit current density (JSC).16 What's
more, the weak chemical interaction at the perovskite/NiOx

interface may also limit the efficiency of the device.17,18 It has
been reported that the photoinduced carriers can penetrate
through the perovskite layer without signicant charge recom-
bination.19 Therefore, enhancing the contact and transport of
carriers at the interfaces of perovskite/charge transport layers
and minimizing the charge recombination has become
increasingly signicant.

Recently, several approaches have been proposed to reduce
interfacial defects and achieve higher VOC in optimized
devices.20,21 Interfacial passivation has been developed from the
point of view of perovskite grain boundary and interface
modication, such as by adding insulating polymers,19,22–24

ethanolamine molecules25 or organic salt26,27 to cap perovskite
layers. However, this approach only blocks photogenerated
charge recombination on one side of the perovskite layer, which
may aggravate the charge-carrier imbalance because of
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the procedures for preparing perov-
skite films with and without passivation layers. P1: procedure for the
preparing perovskite film with a bottom passivation layer. P2: proce-
dure for preparing the bilaterally passivated perovskite film. P3:
procedure for preparing the perovskite film without a passivation layer.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
3 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

10
/8

/2
01

9 
2:

42
:0

0 
A

M
. 

View Article Online
asymmetric charge extraction in the HTL and electron transport
layer (ETL).22 Besides, the interfacial recombination centers
cannot be effectively reduced in the other unprotected interface.
For this sake, double-side passivation using poly(methyl
methacrylate) (PMMA) was proposed by White et al. and a PCE
of 20.8% based on multi-cation perovskite was achieved.28

However, their device structure and manufacturing processes
were quite complicated, and the interfacial passivation mech-
anism was not fully discussed and understood. They inserted
a mixed PCBM/PMMA lm between perovskite and the ETL as
the passivation layer and did not explain their respective func-
tions. Besides, it was not clear how the thickness of the
passivation layer inuences the photovoltaic performances of
the PSCs.

In this work, we utilize polystyrene (PS) as a passivation
medium to modify the surface of an electrochemically depos-
ited NiOx lm to improve perovskite quality. Furthermore, PS
mixed in chlorobenzene (CB) is used as an antisolvent to slow
down perovskite crystal growth and ll the traps among
perovskite grains on top. The utilization of bilateral passivation
layers can lead to the efficient passivation of trap states at
perovskite/HTL and perovskite/ETL interfaces. In the mean-
time, photogenerated holes and electrons can pass through the
bilateral passivation layers via the tunneling effect from the
perovskite absorber to the HTL and ETL, respectively, while they
are blocked in the inverse directions, thereby increasing the VOC
and JSC without distinctly sacricing the ll factor (FF). Conse-
quently, the p–i–n PSCs with a structure of FTO/NiOx/PS/
MAPbI3/PS/PCBM/Ag exhibits a PCE of 19.99% with a high VOC
of 1.149 V. This has been the highest value for solar cells based
on pure MAPbI3 and an NiOx HTL so far. Furthermore, the
bilaterally passivated devices show better long-term stability
than those without passivation layers. The results in this study
suggest that bilateral passivation for a perovskite lm is an
effective procedure to improve the performances of PSCs and it
also has potential applications in developing light-emitting
diodes based on perovskite materials.
Fig. 2 (a) Optical transmission spectra and (b) surface contact angles
of the FTO/NiOx samples deposited with different concentrations of
PS. The numbers represent the PS concentration in mg mL�1.
2. Results and discussion

To investigate the effect of interfacial passivation on the
photovoltaic performance of PSCs, planar inverted PSCs were
prepared with different procedures as described in the Experi-
mental section and the procedures for preparing perovskite
lms are shown in Fig. 1. For preparing the perovskite lm with
a bottom passivation layer, the PS/CB solution was rst spin-
coated on the NiOx lm and then the perovskite lm was
grown on the bottom PS lm using CB as the antisolvent (P1).
For preparing the bilaterally passivated perovskite lm, the PS/
CB solution was rst spin-coated on the NiOx lm and then the
perovskite lm was grown on the bottom PS lm using the PS/
CB solution as the antisolvent. Naturally, the perovskite lm
was covered by the top PS lm (P2). The reference sample was
prepared by directly spin-coating the perovskite precursor on
the NiOx lm, in which pure CB was applied as the antisolvent
(P3). As a result, samples with structures of FTO/NiOx/PS/
This journal is © The Royal Society of Chemistry 2019
97
MAPbI3, FTO/NiOx/PS/MAPbI3/PS and FTO/NiOx/MAPbI3 were
obtained by P1, P2 and P3, respectively.

Aer depositing the passivation lm with different PS
concentrations, the mesoporous NiOx lm was gradually
covered by the PS passivation layer with increasing concentra-
tions of the PS solution from 0.2 to 2.0 mg mL�1 (can be seen in
Fig. S1 in the ESI†). Notably, all the samples exhibit high optical
transmittance around 85% in the visible range, almost the same
as with the bare FTO substrate, suggesting that the passivation
layer has negligible inuence on the optical transmittance
(Fig. 2a). Such a high transparency would be a necessary
prerequisite for preparing highly efficient PSCs.29 However, the
wettability measurement has shown a signicant variation of
surface tension with the PS concentration. As shown in Fig. 2b,
the contact angle of the pristine sample without the PS passiv-
ation layer was 41.5�, and it dramatically increased to 95.9� with
the PS layer at the concentration of 2.0 mg mL�1. The enhanced
non-wetting properties can signicantly reduce the surface
tension dragging force applied on the perovskite lm according
to a previous report,30 thus resulting in higher grain boundary
mobility and larger grains.

The grain size and surface roughness of perovskite lms with
or without passivation treatment were characterized via scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM). Fig. 3a–c show the images of the perovskite lm
deposited on the bottom passivation lm. The perovskite lm
shows compact and uniform morphology with closely packed
grain boundaries. Notably, the perovskite grain size is
J. Mater. Chem. A, 2019, 7, 21730–21739 | 21731
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Fig. 3 Cross-sectional and top-view SEM and AFM images of perovskite layers with (a–c) bottom passivation (S1) and (d–f) bilateral passivation
layers (S2) and (g–i) without passivation layers (S3). (j) Statistical distribution of the grain size and surface roughness and (k) optical absorption
spectra of the corresponding samples. (l) XRD patterns of perovskite films deposited on different films. The characteristic peaks of FTO, NiOx and
perovskite are indicated by diamonds, circles and stars, respectively.
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signicantly affected by the PS concentration when preparing
bottom passivation layers and the largest average grain size is
observed at a PS concentration of 0.5 mg mL�1 (Fig. S2a†). The
increased grain size is ascribed to the non-wetting and
smoother surface of the substrate with lower surface tension as
discussed in Fig. 2b. The perovskite lms with large grain sizes
and no pinholes are crucial for reducing charge recombination,
which can guarantee the effective extraction and transport of
photoinduced carriers from the perovskite active layer to the
corresponding charge transport layer.31 For further studying the
effect of bilateral passivation layers, the perovskite lm was
deposited on the bottom passivation layer with PS-0.5 (the
number represents the PS concentration in mg mL�1). Simi-
larly, the PS solution acted as the antisolvent during the spin-
coating process. In this case, the perovskite layer was capped
by the bottom and top passivation layers. As the antisolvent, the
PS concentration had a signicant inuence on the surface
roughness of the deposited perovskite lm, but not the grain
size (Fig. S2b†). As can be seen in Fig. 3d–f, the perovskite lm
with bilateral passivation layers exhibits a much smoother
surface and closer grain boundaries compared to the sample
with only the bottom passivation layer (Fig. 3a–c) and the
reference sample without passivation layers (Fig. 3g–i). The
statistics of the grain size and surface roughness of the optimal
perovskite lm prepared by different processes are shown in
Fig. 3j (for clarity, S1 represents the perovskite lm deposited on
the bottom passivation layer and shows a structure of FTO/
NiOx/PS/MAPbI3, while S2 and S3 represent FTO/NiOx/PS/
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MAPbI3/PS and FTO/NiOx/MAPbI3, respectively). The perovskite
lms with bottom passivation (S1) and bilateral passivation
layers (S2) exhibit a layer average grain size (�430 nm)
compared to the reference sample without passivation (S3). In
particular, the mean surface roughness of the prepared perov-
skite lm sharply decreases from �10 nm to �5 nm aer
applying the PS solution as the antisolvent, which clearly indi-
cates that the solution-processed PS layer lls the tiny pinholes
and grain boundaries of the perovskite lm. This contributes to
atter andmore compact perovskite lms with a top passivation
layer, thereby enabling better contact between the electron
transport layer (ETL) and the perovskite photoactive layer.32

Fig. 3k shows the optical absorption spectra of the perovskite
lms with bottom and bilateral passivation layers and without
passivation layers. The features of the absorption spectra are
almost the same because the PS lm exhibits extremely high
transparency in the visible and near-infrared regions.33 The
inset clearly shows that S1 and S2 have similar optical absor-
bance, which is slightly higher than that of the reference sample
S3. The enhanced absorption could be ascribed to the improved
morphology and larger grain size of the perovskite lm
according to the previous literature.31 The X-ray diffraction
(XRD) diagram gives further insight into the inuence of
passivation layers on the crystal structure and morphology of
the prepared perovskite lms. As shown in Fig. 3l, the typical
characteristic peaks of MAPbI3 are clearly observed (indicated
by stars) and no other residual peaks were found, suggesting
high purity and quite good crystallization in the perovskite lm.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of the fitted parameters of the TRPL decay traces

Structure A1 (%)
s1
(ns) A2 (%) s2 (ns) sa (ns)

NiOx/MAPbI3 70.4 5.8 29.6 24.1 17.4
NiOx/PS/MAPbI3 89.6 3.6 10.4 11.7 5.8
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Besides, the peak located at 14.1� should be assigned to the
(110) plane of the MAPbI3 lm deposited on the NiOx/PS lm34

and shows a relatively stronger intensity than that of the refer-
ence sample and bilaterally passivated perovskite lms,
demonstrating better crystallinity of perovskite.

To study the results of the evolution described above, we
have carried out steady-state photoluminescence (PL) and time-
resolved PL (TRPL) measurements for the effect of passivation
on the charge transfer efficiency from the perovskite photo-
active layer to the NiOx HTL. Since the PL intensity can be very
sensitive to the focal point on the perovskite lm,35 we have
performed repeated measurements to avoid this effect by ne
tuning the position of the samples on the z-axis and chosen the
optimal spectrum with the largest PL peak intensity for each
sample. As shown in Fig. 4a, the reference sample with an
architecture of NiOx/MAPbI3 displays a very strong perovskite
emission peak near 764 nm, while it remarkably decreases for
the sample of NiOx/PS/MAPbI3 without a signicant shape
change. It is generally recognized that the lower PL intensity
means higher PL quenching and more efficient charge separa-
tion at the perovskite/HTL interface.36 Therefore, the perovskite
lm with a bottom PS passivation layer exhibits an enhanced
hole extraction capability compared with the reference sample.
Besides, the PL peak of the perovskite lm with a bottom PS
passivation layer exhibits a small redshi to 766 nm, indicating
a wider range and stronger absorption because of the enlarged
perovskite grain size.37 Nevertheless, the perovskite lm wrap-
ped by the bilateral PS layers (NiOx/PS/MAPbI3/PS) shows
a stronger PL intensity compared with the sample with only the
bottom PS passivation layer. This result might have arisen from
the improved perovskite lm quality due to surface and
boundary passivation on the voids and grain boundaries of the
Fig. 4 (a) Steady-state photoluminescence (PL) and (b) time-resolved PL
lines in (a) and (b) are curves fitted by Gaussian and double exponential fun
(d) false color cross-sectional SEM image of a typical MAPbI3 solar cell
energy band diagram for the PSC device.

This journal is © The Royal Society of Chemistry 2019
99
perovskite layer,38 which would distinctly reduce the surface
roughness of the perovskite layer, as described in Fig. 3. The
TRPL examination was further implemented to investigate the
interfacial charge transport properties. Fig. 4b shows the cor-
responding TRPL spectra of the MAPbI3 lms with and without
passivation layers. The PL decay scatters were tted with
a biexponential decay function I ¼ A1 exp(�(t � t0)/s1) + A2-
exp(�(t � t0)/s2) + I0, where A1 and A2 are the relative weighting
coefficients and s1 and s2 are the lifetimes for the fast and slow
recombination, respectively.39 As can be seen from the extracted
parameters in Table 1, the reference sample of NiOx/MAPbI3 has
a fast-decay lifetime of s1¼ 5.8 ns and a slow-decay lifetime of s2
¼ 24.1 ns. In contrast, NiOx/PS/MAPbI3 gives s1 ¼ 3.6 ns and s2
¼ 11.7 ns, respectively. This demonstrates that charge extrac-
tion can be signicantly enhanced aer introducing the
passivation layer between the NiOx HTL and perovskite
absorber.22 Accordingly, the PL intensity of perovskite with
bilateral passivation layers (NiOx/PS/MAPbI3/PS) shows
a weaker quenching effect in comparison to that of the bottom
passivation layer-based sample, where the fast-decay and slow-
decay lifetimes are 4.3 and 12.8 ns, respectively. The increase
in PL intensity and lifetime for the bilaterally passivated
perovskite lms may be attributed to the improvement of
spectra of perovskite films under different passivation conditions. Solid
ctions, respectively. (c) Three-dimensional schematic architecture and
bilaterally passivated by PS layers. (e) Schematic representation of the

NiOx/PS/MAPbI3/PS 68.8 4.3 31.2 12.8 9.2

J. Mater. Chem. A, 2019, 7, 21730–21739 | 21733

https://doi.org/10.1039/c9ta08084h


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
3 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

10
/8

/2
01

9 
2:

42
:0

0 
A

M
. 

View Article Online
perovskite lm properties such as the reduction of surface
roughness and the lling of voids and grain boundaries by the
top PS lm. As a result, the interfacial recombination and
charge trapping loss could both be suppressed at the interfaces,
and thus the VOC can be signicantly improved.16,28,32

Next, the PCBM layer and silver electrodes were sequentially
deposited onto the perovskite lms to form typical p–i–n type
PSCs, as shown in Fig. 4c. The false color cross-sectional SEM
image of a completed solar cell device shown in Fig. 4d exhibits
uniform layer formation and quite regular interfacial condi-
tions. The energy band diagram of the prepared PSC is shown in
Fig. 4e according to the optical bandgap, work function and
valence band maximum (VBM) edge of prepared NiOx in our
previous report.39 The energy levels of FTO, NiOx, MAPbI3,
PCBM, and Ag are all well aligned under vacuum. As tunneling
channels, the PS layers can selectively conduct one type of
charges while blocking the other type because the charge
selective electrodes and carrier transport layers have a suitable
electronic state with matching energy levels for each type of
carrier.19,40 What's more, the perovskite grain boundaries can be
lled by the PS material on the top, which will be benecial for
suppressing the charge recombination at the interface and
passivating the interface to increase device performance.

Furthermore, the photovoltaic performance of these PSCs
was studied in detail. Fig. 5a shows the photocurrent–voltage (J–
V) curves of the perovskite devices with bottom passivation
Fig. 5 (a) J–V curves of PSCs based on the bottom passivation layer w
PSCs with different PS concentrations for the top passivation layer. (c)
bottom-passivated perovskite and bilaterally passivated perovskite, measu
forward scanning. (d) EQE spectra of the corresponding PSCs.

21734 | J. Mater. Chem. A, 2019, 7, 21730–21739
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layers of different thicknesses which were adjusted by changing
the concentration of the PS solution in the spin-coating process.
The reference device without PS passivation layers exhibits
typical photovoltaic performance with a VOC of 1.050 V, a JSC of
21.06 mA cm�2, an FF 71.74% and a PCE of 15.87%. Amazingly,
aer introducing the PS passivation layer between perovskite
and the NiOx HTL, the fabricated PSCs exhibited great
improvement. For example, the VOC and JSC increased to 1.108 V
and 22.45 mA cm�2. It should be mentioned that the perfor-
mance of the perovskite devices with the bottom passivation
layer can be signicantly affected by the passivation thickness,
which was tuned by PS concentration. For example, when the PS
concentration is increased to 0.2, 0.5, 1.0 and 2.0 mg mL�1, the
PCE increased to 16.82%, 18.39%, 17.96% and 14.49%,
respectively (detailed parameters and the corresponding
statistical distributions are summarized in Table S1 and
Fig. S3b in the ESI†). Fig. S3a† shows the three-dimensional
(3D) architecture of the bottom-passivated PSC device. The
champion devices with the bottom passivation layer fabricated
with a 0.5 mg mL�1 PS concentration exhibited an average VOC
of 1.108 V, a JSC of 22.45 mA cm�2, an FF 73.94% and a PCE of
18.39%. The increased JSC and VOC could be attributed to the
larger perovskite grain size shown in Fig. 3 and fewer defects at
the HTL/perovskite interface due to the interfacial passivation
effect.26 The statistical distribution in Fig. S3b† also shows
a similar trend. Further increasing the PS concentration to
ith different PS concentrations. (b) J–V curves of bilaterally passivated
J–V curves of the champion PSCs prepared from pristine perovskite,
red in both reverse and forward directions. RS – reverse scanning, FS–

This journal is © The Royal Society of Chemistry 2019
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2.0 mg mL�1 can seriously degrade the VOC, JSC, FF and PCE to
1.062 V, 21.22 mA cm�2, 64.31% and 14.49%, respectively. A
possible reason is that very high passivation layer thickness
would greatly weaken the tunneling effect and the conductivity,
and therefore degrade the device performance.19

To further study the effect of the bilateral passivation layers
on the PSCs, we deposited the perovskite lm onto the NiOx/PS
lm under optimum conditions (0.5 mg mL�1 PS) by a one step
method, and the PS dissolved in CB solution was applied as the
antisolvent during the spin-coating process. The measured J–V
curves of PSCs with different concentrations of antisolvent are
shown in Fig. 5b. Similarly to the bottom passivation layer, the
top passivation layer thickness also exhibits a signicant
inuence on the performance of the prepared devices (detailed
photovoltaic parameters and statistics are summarized in Table
S2 and Fig. S3d†). When the PS concentration is increased from
0 to 0.5 and 1.0 mg mL�1, the VOC remarkably improved from
1.108 V to 1.129 V and 1.149 V, respectively, and the FF
increased from 73.94% to 75.44% and 77.33%, respectively.
When the PS concentration is larger than 1.0 mg mL�1, all the
photovoltaic parameters display a non-negligible decrease,
which can also be ascribed to the obstruction of charge
tunneling as discussed above.

As shown in Fig. 5c, the negligible hysteresis of the J–V curves
was not suppressed aer inserting PS layers. Table 2 displays all
the parameters of the PSCs prepared from pristine, bottom-
passivated and bilaterally passivated perovskite in both
reverse and forward voltage scanning directions. The champion
device with bilateral passivation layers shows a PCE of 19.99%
and 19.88% for the reverse and forward scan, respectively. It is
worth noting that the PSCs based on the bilaterally passivated
perovskite lm show a very high VOC of 1.149 V, which is so far
the closest recorded value to the Shockley–Queisser theoretical
limit value of z1.30 V for pure PSCs based on the NiOx HTL.41

As far as we know, this is the largest value for the pure MAPbI3-
based device in experiments (details can be found in Table S3 in
the ESI†).42,43 Moreover, the external quantum efficiency (EQE)
spectra in Fig. 5d exhibit the details of the improved photo-
voltaic performance of PS passivated PSCs from the spectro-
scopic response. Compared to the reference device without
passivation layers, the EQE spectra for both bottom-passivated
and bilaterally passivated samples are gradually enhanced
and exhibit broad plateaus around 90% in the range of 450–
750 nm. The integrated JSC of the champion device can increase
up to 21.80 mA cm�2, which is comparable with the measured
JSC of 22.51 mA cm�2 shown in Table 2.
Table 2 Photovoltaic parameters of the PSCs with or without PS passiv

Structure Scan direction VOC (V)

NiOx/MAPbI3 Reverse 1.050
Forward 1.050

NiOx/PS/MAPbI3 Reverse 1.108
Forward 1.109

NiOx/PS/MAPbI3/PS Reverse 1.149
Forward 1.148

This journal is © The Royal Society of Chemistry 2019
10
Fig. 6a presents the statistics of photovoltaic parameters VOC
and JSC for over 30 devices under different conditions. The
signicantly increased JSC and VOC for the bilaterally passivated
devices could be attributed to the fewer defects at HTL/
perovskite and ETL/perovskite interfaces and suppressed
carrier recombination.19 The statistics of PCE in Fig. 6b
demonstrate the reliability and the repeatability of the perfor-
mance enhancement by the passivation effect. The majority of
PCE values for the bilaterally passivated devices are located
around �19%, consistent with the above result shown in
Fig. S3.† Electrochemical impedance spectroscopy (EIS) was
conducted to examine the details of charge transport and
interface resistance and further understand the roles of the
passivation layers in the solar cell devices. The Nyquist plots
shown in Fig. 6c display a remarkable change in the radius of
the curves with similar shapes. In this experiment, only the
semicircle for the high frequency response can be observed,
which is related to the recombination processes according to
the literature.18 Generally, a larger arc corresponds to a higher
recombination resistance (Rrec).32 As can be seen from the curve,
the Rrec of the PSCs based on the PS passivation layer is much
higher than that of the reference device. This is consistent with
the previous results of VOC. Capacitance–voltage (C–V) charac-
terization was subsequently conducted under dark conditions
to examine the junction properties at the interfaces of the HTL/
perovskite and ETL/perovskite. Deduced from Mott–Schottky
impedance analysis (Fig. 6d), the built-in potential (Vbi) for the
PSCs based on bottom and bilateral PS passivation layers is
1.00 V and 1.11 V, respectively, which are much higher than that
of the reference device (0.94 V) without passivation layers. The
enhanced Vbi could facilitate charge extraction and avoid the
charge accumulation at the interfaces between perovskite and
charge transport layers, and improve photovoltaic performance
of PSCs.44

The main contribution to the PCE increase comes from the
enhancement of VOC and JSC, which may also be attributed to
the optimization of trap densities of devices owing to the
inserted bilateral passivation layers. As shown in Fig. 7a, the
space-charge limited current (SCLC) method was carried out to
detect the defect states in the perovskite layers. The J–V curves of
the hole-only devices (FTO/NiOx(/PS)/MAPbI3(/PS)/Ag) can be
divided into three distinct regions: an ohmic region (the linear
interval to the le), a trap-lling limited (TFL) region (the steep
rising interval in the middle) and a trap-free SCLC region (the
curved portion to the right).45 The trap-lling limited voltage
(VTFL) indicates the transition from the ohmic region to the TFL
ation layers

JSC (mA cm�2) FF (%) PCE (%)

21.11 71.74 15.90
21.06 71.56 15.82
22.45 73.94 18.39
22.43 73.25 18.22
22.51 77.33 19.99
22.25 77.84 19.88

J. Mater. Chem. A, 2019, 7, 21730–21739 | 217351
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Fig. 6 (a) Statistics of VOC and JSC and (b) PCE distribution histogram for the bottom-passivated, bilaterally passivated and reference PSCs. (c)
Nyquist plots of impedance and (d) Mott–Schottky curves for the bottom-passivated, bilaterally passivated and reference PSCs.
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region, and can be used to calculate the trap-state density (ntrap)
at the perovskite/HTL interface according to the relationship
VTFL ¼ qntrapL

2/2330 (where q is the elementary charge, L is the
Fig. 7 (a) Dark J–V curves of the hole-only devices. (b) Schematics of th
passivation layers. (c) Steady-state photocurrent of the champion device
the corresponding calculated PCE. (d) Normalized PCE of the referenc
device as a function of storage time.

21736 | J. Mater. Chem. A, 2019, 7, 21730–21739
10
thickness of the hole-only device (�500 nm), 3 is the relative
dielectric constant of MAPbI3 perovskite (6.5), and 30 is the
vacuum permittivity).46 The VTFL values of the pristine planar
e carrier dynamics model in PSCs without (left) and with (right) bilateral
measured at a bias voltage (0.97 V) near the maximum power point and
e device without passivation layers and the bilaterally passivated PSC

This journal is © The Royal Society of Chemistry 2019
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perovskite and the bottom-passivated and bilaterally passivated
perovskite lms are 0.921, 0.861 and 0.545 V, respectively. As
a result, the derived ntrap is reduced from 2.65 � 1015 cm�3 for
the pristine perovskite lm to 2.48 � 1015 and 1.57 � 1015 cm�3

for the bottom-passivated and bilaterally passivated perovskite
lms, respectively. Therefore, introducing the bilateral PS
passivation layers is benecial for reducing trap recombination
at the HTL/perovskite interface. As shown in Fig. 7b, the sche-
matic diagram of the photo-induced carrier dynamics in the
PSCs can further explain why the solar cells based on bilaterally
passivated perovskite (right) show better performances than the
reference sample without the passivation layer (le). The
advantages of the bilateral passivation effect can be summa-
rized in the following three aspects. Firstly, the bottom passiv-
ation layer increases the grain size of perovskite, which
enhances its light absorption ability. Secondly, the top passiv-
ation layer lls the pinholes and grain boundaries, which
results in a smoother perovskite lm with fewer interfacial
defects. Finally, the top and bottom passivation layers isolate
the MAPbI3/ETL and MAPbI3/HTL, respectively, reducing the
recombination losses and shunt-leak current paths.38 As
a consequence, the bilaterally passivated PSCs exhibit better
photovoltaic performance than the reference devices and the
single-side passivated samples. Fig. 7c shows the steady
photocurrent and PCEmeasured at the maximum power output
point (0.97 V) of the champion device with bilateral passivation
layers. The quickly stabilized PCE and the steady photocurrent
measured at the maximum power point agree well with the
results in Fig. 5c, which also supports the successful suppres-
sion of hysteresis in our PSCs.

Moreover, considering the sandwich-like conguration of
bilateral passivation layers and the perovskite layer, the stability
of the PSCs should also be interesting to evaluate. We therefore
monitored the long-term stability of fabricated PSCs without
encapsulation stored in a drying cabinet with an ambient
atmosphere in the dark (temperature of �22 �C and relative
humidity of �2%) and the J–V characteristics were periodically
recorded to extract the photovoltaic parameters. As shown in
Fig. 7d, the reference device without passivation layers retains
77% of its initial efficiency aer 40 days of storage, which is
consistent with the previous reports.47,48 Aer introducing the
passivation layer between the perovskite and carrier transport
layers, the stability of the devices was signicantly improved. In
particular, the devices with bilateral passivation layers retain 89%
of the original efficiency aer 40 days of storage. The thermal
stability of the perovskite lms with or without passivation layers
was also characterized in an ambient environment. The pristine
perovskite lm became completely decomposed aer 90 min of
heating at 120 �C in ambient air (humidity 60%), while the single-
side passivated perovskite lm exhibited a slower decomposition
rate, and the bilaterally passivated one remained stable under the
same conditions (detailed images can be found in Fig. S4 in the
ESI†). The improved long-term and thermal stability of the
perovskite lm with bilateral passivation layers could possibly be
ascribed to the suppression of morphological defects due to the
passivation effect on the perovskite/ETL (or HTL) interfaces,
which promotes the real application of PSCs.
This journal is © The Royal Society of Chemistry 2019
10
3. Conclusion

We have developed a strategy to improve both the efficiency and
stability of inverted planar PSCs with a PCE of 19.99% and a VOC
of 1.149 V by inserting bilateral PS lms on the double-surface
of the perovskite layer. The ultrathin PS lms work as passiv-
ation layers, which suppress the carrier recombination and
shunt-current leakage at interfaces between perovskite and
charge transport layers. Moreover, the bilaterally passivated
devices exhibited excellent long-term and thermal stability. Our
studies indicate that bilateral passivation may be an effective
enhancement method for efficient and stable PSCs in general
and would have potential applications in other lm-based
electronic devices as well.

4. Experimental section
4.1. Materials

Methylammonium iodide (CH3NH3I, 99.5%), lead iodide (PbI2,
99.9%) and phenyl-C61-butyric acid methyl ester (PCBM, 99.5%)
were all acquired from Xi'an Polymer Light Technology Corp.,
China. The patterned uorine-doped tin oxide (FTO)-coated
glass substrates were purchased from Shanghai MaterWin
New Materials Co., Ltd, China. Nickel foil (300 mm thickness,
99.99%) was purchased from Shengshida Metal Materials Co.,
Ltd, China. Isopropanol (IPA), dimethyl sulfoxide (DMSO,
99.8%), chlorobenzene (CB, 99.5%), g-butyrolactone (GBL,
99.8%), polystyrene (PS, MW � 190 000) and nickel nitrate
(Ni(NO3)2$6H2O, 99%) were all acquired from InnoChem,
China.

4.2. Solution preparation

The perovskite precursor solution was prepared by dissolving
CH3NH3I and PbI2 (molar ratio¼ 1 : 1) in 1 mLmixed solvent of
GBL and DMSO (7 : 3 v/v) with a molar concentration of 1 M. PS
was dissolved in CB with concentrations of 0.2, 0.5, 1.0, 2.0, and
5.0 mg mL�1. PCBM was also dissolved in chlorobenzene with
a concentration of 20 mg mL�1. Nickel nitrate was dissolved in
deionized water with a molar concentration of 0.02 M.

4.3. Device fabrication

The patterned FTO/glass substrates were sequentially cleaned
by sonication in acetone, isopropanol, ethanol and deionized
water for 15 min at each step. The NiOx mesoporous lm was
prepared by the electrochemical deposition (ECD) method
using a programmable electrochemical workstation (CS350H,
Corrtest, China) and the details can be found in our previous
reports.11,39 For the bottom passivation layer, PS solutions with
different concentrations were spin-coated on the NiOx lm at
4000 rpm for 30 s. Then the samples were annealed at 70 �C for
10 min on a hot plate. Aer that, the perovskite layer was grown
by a one-step method in a nitrogen-lled glovebox. The perov-
skite precursor solution was spin-coated onto the passivation
layer at 500 rpm for 12 s and then 4000 rpm for 30 s. For the top
passivation layer, 150 mL PS solution was quickly dropped onto
the perovskite precursor as the antisolvent 10 s before the end of
J. Mater. Chem. A, 2019, 7, 21730–21739 | 217373
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the spin-coating process. A control sample was prepared
through the same procedure but using the pure CB solvent as
the antisolvent. Subsequently, the samples were placed in an
airtight glass pot and dried in a muffle furnace at 100 �C for
10 min. The PCBM solution was then spun onto the perovskite
layer at 2000 rpm for 30 s. Each as-prepared solution was
ltered through a polytetrauoroethylene (TPFE) lter (0.45 mm)
before the spin-coating process. Finally, approximately 120 nm
thick silver electrodes were deposited on the top of the PCBM
layer by thermal evaporation (PECVD350, Shenyang Xinlantian
Vacuum Technology Co., Ltd, China). The active area of the PSC
devices is 0.25 cm2.
4.4. Characterization

The morphology of the samples was examined by scanning
electron microscopy (SEM, Carl Zeiss, Germany) and atomic
force microscopy (AFM, Nanoscope IIIa Multimode, USA). The
transmission spectra of the NiOx lm and the absorption
spectra of the perovskite layer were collected by using a UV/vis/
NIR spectrophotometer (LAMBDA750, PerkinElmer, USA). The
surface wettability of the prepared passivation layer was
measured using a contact angle analyzer (DSA100, KRÜSS,
Germany). The crystallinity of the perovskite lm was charac-
terized by X-ray diffraction (XRD, D8 ADVANCE, Germany).
Furthermore, the steady-state photoluminescence (PL) and
time-resolved photoluminescence (TRPL) spectra of the
samples were measured using a steady-state & time-resolved
uorescence spectrouorometer (QM/TM/IM, PTI, USA) with
an excitation laser of 460 nm. The photocurrent density–voltage
(J–V) curves of the as-fabricated devices were obtained under
standard 1 sun AM 1.5G with a solar simulator (Newport, 2612A)
in air, with a scanning rate of 0.1 V s�1. The solar simulator was
calibrated with a Newport 91 150 V reference silicon cell system
before measurement. The external quantum efficiency (EQE)
spectra of PSCs were measured using a quantum efficiency
measurement system (QEX10, PV measurements, USA) in air
without bias light. Electrochemical impedance spectroscopy
(EIS) was carried out at a potential of 0.7 V in the dark with
a frequency sweep from 1 Hz to 100 kHz using an electro-
chemical workstation (CS350H, Corrtest, China) and the oscil-
lation potential amplitude was adjusted to 10 mV.
Conflicts of interest

The authors declare no conict of interest.
Acknowledgements

This work was supported by the Natural Science Foundation of
China (11834011, 11674225, 11474201, and 11204176).
References

1 M. K. Assadi, S. Bakhoda, R. Saidur and H. Hanaei,
Renewable Sustainable Energy Rev., 2018, 81, 2812–2822.
21738 | J. Mater. Chem. A, 2019, 7, 21730–21739
10
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Hierarchy of interfacial passivation in inverted
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The crucial hierarchy of the interfacial passivation at different

positions of perovskite solar cells together with the corresponding

mechanism has been studied despite the selection of passivation

mediums in this work. The passivation on the upper interface could

more effectively enhance the device performance with an efficiency

of 19.55% compared to the pristine and lower passivated cells

(15.90% and 18.39%, respectively). Furthermore, the upper passi-

vated devices exhibit better long-term and thermal stability than

the lower passivated and pristine ones.

Since the first report of perovskite solar cells (PSCs) by Miyasaka
et al.,1 numerous works have been focused on layer modification
and interfacial engineering.2,3 To date, the power conversion
efficiency (PCE) for PSCs has been amazingly promoted to over
25%,4 almost comparable to silicon solar cells. In particular,
the inverted (p–i–n) PSCs have shown significant advantages in
terms of high stability and negligible hysteresis.5 Nevertheless,
challenges still remain in front of their real commercialization.
For instance, most deposition methods produce polycrystalline
perovskites, which could contain many defects at the layer
interfaces and grain boundaries that can increase the recombi-
nation and reduce the efficiency.6 Besides, the defects also
provide possible access for moisture or oxygen outside of the
device and degrade the device stability.7

Recently, several interface passivation approaches have been
proposed to reduce the defects at the surfaces of the perovskite
layer. For example, Pang et al. and Kazunari have used PbI2 and
a polymer as the passivation layer on top of perovskite surfaces by
vapor and solution methods, respectively.8,9 Moreover, bifacial
passivation has also been carried out to suppress non-radiative
losses and reduce the defect density.10 These results have shown
significantly improved open-circuit voltage (VOC), short-circuit

current density ( JSC) and PCE and lower shunt-current leakage.
However, it unclear the detailed function of the passivation on
different positions of the device, and whether the passivation
could affect the perovskite growth. Unbalanced carrier extraction
will result in carrier aggregation at the interface and induce
different effects on different positions.11

In this work, we mainly focus on the passivation hierarchy
and find that passivation on the upper interface is generally
more efficient than that on the lower interface in inverted PSCs,
which applies for polystyrene (PS), polymethyl methacrylate
(PMMA) and likely other passivating systems. The utilization
of the upper passivation layer can more effectively passivate
surface trap states, block hole transport to the ETL, balance the
extraction of carriers, and thus significantly lead to higher VOC

and fill factor (FF). Besides, the upper passivation layer exhibits
better thermal and long-term stability for the perovskite device
than that of the lower passivation layer. Such difference may
have been caused by the ‘‘reparation’’ effect of the passivators
on the perovskite layer, i.e., polymeric chlorobenzene solution
can enlarge the perovskite grains by minimizing the total Gibbs
free energy and slowing down the perovskite crystal growth,12

reduce the pinholes through the ‘‘cross-link’’ effect between the
grains and suppress the ionic defects by coordination with
donation of lone pair electrons.13,14 It also implies that the
upper passivation has actually not only been ‘‘interfacial’’ but
also a ‘‘bulk’’ effect. This work has clearly indicated different
effects exerted on different positions of the device by the same
passivation process.

Fig. 1a–c show the morphology of the prepared perovskite
films via scanning electron microscopy (SEM) and the corres-
ponding grain sizes have been described using histogram
statistics in Fig. 1d. The pristine perovskite film was uniformly
formed on the mesoporous NiOx layer and well crystallized with
very small grain size. For the lower passivated perovskite film
(Fig. 1b), the grain size has been remarkably increased, which is
highly attributed to the reduced wettability of the NiOx/PS
surface.15 The perovskite film with upper passivation layer also
shows large grain size and its surface is much smoother than

Key Laboratory of Artificial Structures and Quantum Control (Ministry of

Education), Institute of Solar Energy, School of Physics and Astronomy, Shanghai

Jiao Tong University, Shanghai 200240, P. R. China. E-mail: liuhong@sjtu.edu.cn,

wzshen@sjtu.edu.cn

† Electronic supplementary information (ESI) available: Materials, experimental
section, additional figures and tables. See DOI: 10.1039/c9cc07517h

Received 26th September 2019,
Accepted 18th November 2019

DOI: 10.1039/c9cc07517h

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

12
/1

1/
20

19
 1

2:
56

:0
1 

A
M

. 

View Article Online
View Journal  | View Issue

106

http://orcid.org/0000-0002-0020-3268
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cc07517h&domain=pdf&date_stamp=2019-11-27
http://rsc.li/chemcomm
https://doi.org/10.1039/c9cc07517h
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC055099


This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 14996--14999 | 14997

that of the pristine and the lower passivated ones (Fig. 1c and
Fig. S2, ESI†). This would be beneficial for spin-coating of
PCBM in the subsequent step and thereby enable better contact
with the ETL on the perovskite photoactive layer. Moreover,
XRD peaks of perovskite films with lower or upper passivation
layers are highly similar in shape to that of the pristine film
(Fig. 1e). Notably, the peak at 14.11 (corresponds to the (110)
lattice reflection of MAPbI3 structure) is significantly strengthened
in the passivated samples, indicating better crystallinity. UV-vis
absorption spectra of the films indicate that the absorption curves
of pristine, and lower and upper passivated perovskite films are
almost coincident with each other (Fig. 1f), indicating that the
introduction of a passivation layer on the surface of the perovskite
absorber layer will not deteriorate the perovskite itself.16

Finally, pristine planar PSCs have been fabricated with
FTO/NiOx/CH3NH3PbI3/PCBM/Ag architecture. Similarly, devices
with FTO/NiOx/PS/CH3NH3PbI3/PCBM/Ag (‘‘lower passivated
PSCs’’) and FTO/NiOx/CH3NH3PbI3/PS/PCBM/Ag architectures
(‘‘upper passivated PSCs’’) were also fabricated and measured.
As shown in Fig. 2a, voids and pinholes exist at the perovskite/
NiOx interface, which could significantly weaken the contact
between the perovskite and hole transport layer (HTL). Moreover,

the smaller the grain size, the more grain boundaries the photo-
induced carriers will pass through, and therefore higher carrier
recombination may take place, which could consequently degrade
the photovoltaic performance of devices.17 Compared to that, the
lower and upper passivated devices show better coverage of the
perovskite layer on the substrate, with less pinholes and voids
(Fig. 2b and c). In particular, the perovskite film with upper
passivation layer is so compact that there are almost no visible
pinholes. This could have been attributed to the cross-link effect
and the ion coordination effect of the passivator precursor on the
perovskite formation during the upper passivation process.14 The
polymeric (such as PS and PMMA) CB solution was applied to
promote the perovskite growth and film-forming properties by its
cross-link effect through hydrogen bonding.18 The ultrathin insu-
lating polymer layer can selectively conduct carriers by tunnelling
effect from the perovskite layer to the HTL/ETL due to the energy-
matching level for each layer,19 as illustrated in the energy
diagrams in Fig. S3a and b (ESI†). Furthermore, lone pair elec-
trons donated from the oxygen atoms of the polymeric Lewis
bases can coordinate with perovskite crystal defects such as Pb2+

or NH3+ at grain boundaries.20 All these have suggested that the
upper passivation may not only affect the upper interface in the
PSC, but also in the perovskite bulk itself. Hence, it is deemed to
be beneficial for charge extraction and transport and thus
improving the photovoltaic performance of the PSCs.

Fig. 2d shows the photocurrent density–voltage ( J–V) curves
of PSCs without a passivation layer and with lower PS layer and
upper PS layer. The pristine device shows efficiency up to
16.39% and 16.12% under reverse and forward scanning,
respectively. In comparison, the lower passivated PSC shows
much better photovoltaic performances. The champion device
(PS concentration 0.5 mg mL�1) shows PCE up to 18.39% and
18.22% under reverse and forward scanning, respectively (detailed
photovoltaic parameters of the lower and upper passivated
PSCs versus PS concentration can be found in Fig. S3c, d and
Tables S1, S2, ESI†). Moreover, upper passivation induced even
better performance. The champion device shows PCE up to
19.55% and 19.52% at reverse and forward scanning, respectively.
The J–V curves of the upper passivated device at different scanning
directions are almost coincident with each other, indicating the
lowest hysteresis compared to the pristine and lower passivated
solar cells (detailed parameters are listed in Table S3, ESI†). Fig. 2e
presents the external quantum efficiency (EQE) spectra of
champion devices without and with a lower and upper passiva-
tion layer, respectively. The calculated JSC values are well
matching with the measured results shown in Table S3 (ESI†).
Beside the champion devices, we have also made statistical
analysis of the devices (Fig. S4, ESI†). In addition, we can obtain
the values of shunt resistance (Rsh) and series resistance (Rs)
from the J–V measurement. The upper passivated cell exhibits
similar Rs with those of the lower passivated and pristine
devices but much larger Rsh (Fig. S4a–c, ESI†). Generally, the
higher Rsh/Rs value results in higher FF,21 and this is consistent
with our results. A considerable improvement in PCE can be
expected by combining the effect of lower and upper passiva-
tion, i.e. bilateral passivation, which has been already verified

Fig. 1 Top view SEM images of (a) the pristine, (b) lower passivated and
(c) upper passivated perovskite films. (d) Statistic diagram of perovskite
grain size. (e) XRD patterns and (f) optical absorbance of the perovskite
films without and with different passivation layers.

Fig. 2 False color cross-sectional SEM images of (a) the pristine perovskite
solar cell without passivation layer and (b) lower passivated and (c) upper
passivated PSC. (d) J–V curves of optimal PSC devices without and with lower
and upper passivation layers, which were measured under different scan
directions. The solid and hollow signs correspond to forward and reverse
scanning, respectively. (e) The corresponding EQE and integrated JSC spectra.

Communication ChemComm

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

12
/1

1/
20

19
 1

2:
56

:0
1 

A
M

. 
View Article Online

107

https://doi.org/10.1039/c9cc07517h


14998 | Chem. Commun., 2019, 55, 14996--14999 This journal is©The Royal Society of Chemistry 2019

in our previous publication, and it will not be further discussed
in this work.

In order to validate the reliability of the solar cell perfor-
mance, we measured the steady-state current density by apply-
ing a bias voltage around the maximum output power (Vmax).
The Vmax for the pristine solar cell as well as lower and upper
passivated devices were calculated to be 0.85, 0.91 and 0.95 V,
respectively, and the steady-state current density of the studied
devices was recorded as shown in Fig. 3a. Stable PCEs of
16.28%, 18.21% and 19.24% could be achieved with photo-
currents of 19.16, 20.01 and 20.25 mA cm�2, respectively, which
are consistent with the J–V measurements in Fig. 2. To evaluate
the influence of passivation in such effects, the trap state
density (Ntrap) was detected by the space-charge-limited current
(SCLC) method. As shown in Fig. 3b, the dark J–V curves for the
hole-only devices can be divided into three distinct regions:
ohmic region (left), trap-filling limited (TFL) region (middle)
and child region (right).22 The Ntrap of perovskite film can be
evaluated from the trap-filling limited voltage (VTFL), the onset
voltage of the trap-filled limited region, using the equation
Ntrap = 2e0erVTFL/(eL2),6 where e0 is the vacuum permittivity, er is
the relative dielectric constant, e is the charge constant, and L is
the thickness of the film. The values of VTFL are 0.92, 0.86 and
0.74 V for the pristine, lower and upper passivated perovskite
films, respectively. Therefore, the corresponding calculated trap
densities are 2.65 � 1015, 2.48 � 1015 and 2.13 � 1015 cm�3,
respectively. The low trap density of the upper passivated device
would significantly improve the performance of the PSCs.23 Steady-
state and time-resolved photoluminescence decay measurements
have also been employed to investigate the charge extractions of
the prepared perovskite films. The sample without passivation
shows a strong steady photoluminescence (PL) peak at B761 nm
(Fig. 3c). As for the lower passivated sample, the PL intensity is
reduced, suggesting more effective carrier transport from the
perovskite absorber to the NiOx HTL.24 However, the PL intensity
for the upper passivated sample is higher than that of the pristine

sample; this result might be caused by the improved perovskite
film quality because of uniformly triggered heterogeneous nuclea-
tion and filling of the voids and grain boundaries by the upper PS
layer.12 This suggests that the surface non-radiative recombination
defects have been largely suppressed, thus reducing the charge
trapping loss.25 Time-resolved photoluminescence (TRPL) decay
measurements were applied to analyze the dynamics of recombi-
nation by using a 470 nm wavelength pulsed laser as the excitation
source. The TRPL curves in Fig. 3d show consistent trends with the
PL spectra and demonstrate an obvious biexponential decay
behavior containing a fast decay (t1) component followed by a
slow decay process (t2) (details are listed in Table S4, ESI†).
Compared to the pristine sample with average lifetime (ta) of
13.3 ns, the PL quenching of the lower passivated sample is
significantly enhanced (ta = 5.8 ns), which is mainly attributed
to improved charge transfer.24 The insignificant lifetime recovery
after introducing the upper passivation layer indicates reduced
interface recombination and efficient passivation effect.12 The
surface trap states and nonradiative recombination centers are
attenuated in the perovskite layer protected by the upper PS,
resulting in higher VOC of the corresponding PSCs.26

Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were implemented at a bias voltage of 0.8 V in
the dark to evaluate the charge transport process and contact
resistance (Fig. 4a). The arc in the high frequency region
indicates that the upper passivated device shows the highest
recombination resistance. Besides, the information of Rs values
can be evaluated from the x-intercept in the left part of the arc
(Fig. S5, ESI†), both of which are consistent with the above
discussion. In addition, the capacitance–voltage (C–V) charac-
teristics obtained from Mott–Schottky measurements were also
performed to evaluate the passivation effect. The built-in
potential (Vbi) can be extracted from the x-intercept (Fig. 4b),
and the values are 0.94, 1.00 and 1.06 V for pristine, lower and
upper passivated devices, respectively. The enlarged Vbi can not

Fig. 3 (a) Steady-state output photocurrent of the champion devices.
(b) Dark J–V measurement of the hole-only devices. (c) Steady-state and
(d) time-resolved photoluminescence spectra of the pristine, lower and
upper passivated perovskite films.

Fig. 4 (a) EIS Nyquist plots (inset: fitting circuit), (b) Mott–Schottky curves
and (c) long-term stability of the pristine, lower and upper passivated PSCs.
(d) J–V curves of optimal PSCs with lower and upper PMMA passivation
layer (inset: detailed photovoltaic parameters). The solid and hollow signs
correspond to reverse and forward scanning, respectively.
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only extend the depleted region and suppress the back transport of
holes from the HTL to the perovskite layer, but also accelerate
charge dissociation and avoid charge accumulation at the HTL/
perovskite interface and thus contribute to higher VOC.27 Apart
from the increased photovoltaic parameters, the passivation layer
affects the device stability as well. We measured long-term stability
of the champion devices under the same conditions without
encapsulation, stored in a drying cabinet (at B22 1C and relative
humidity of B2%). The upper and lower passivated PSCs retained
around 87% and 85% of their initial PCE values after 40 days of
storage, respectively, whereas that of the pristine PSC was reduced
to almost 77% of its initial value (Fig. 4c). Besides, the upper
passivated perovskite film exhibits much better thermal stability
than those of the pristine and lower passivated ones measured at
120 1C in air with humidity of 60% (Fig. S6, ESI†). This can be
explained by the fact that the upper passivated perovskite film is
protected by the PS film, which can effectively inhibit perovskite
decomposition by blocking water invasion.28 We have also verified
that bilaterally passivated samples show similar thermal stability to
that of the upper passivated one in our previous work, suggesting
the upper passivation film plays a dominant role in preventing
the decomposition of the perovskite layer. To further verify the
universality of such a hierarchy in other passivation systems, we
have also introduced PMMA to the devices. The prepared perovskite
films with lower and upper PMMA passivation film exhibit similar
trends with those of the PS-passivated samples (Fig. S7 and S8,
ESI†). Then we fabricated lower and upper passivated PSCs and
measured their J–V curves (Fig. 4d). The upper passivated PSC
exhibits a champion PCE of 19.54%, which is higher than that
of the lower passivated device (18.63%). The inset lists the
detailed photovoltaic parameters, indicating that the major
promotion of the upper-passivated PSCs also comes from the
enhanced VOC. Similar to the PS case, the passivation by PMMA
also shows positive proportion of contact angle with increasing
passivator concentration, which can effectively tailor the
nucleation and growth process of perovskite grains.29 In gen-
eral, for other possible candidates of passivators such as
phenethylammonium iodide and polyethylene glycol,25,30 this
hierarchy effect could also very possibly exist. Concerning the
dual effects of upper passivation on the top interface and
perovskite bulk, even better performance could be induced if
it could be reproduced in other positions of the device.

In summary, we have clearly demonstrated that passivation
of the upper interface would be in principle more efficient than
that of the lower interface in PSCs. Such a difference has been
apparently attributed to the ‘‘reparation’’ effect of passivation
medium on the perovskite layer, which has effectively filled the
grain boundaries of the perovskite layer and reduced the trap state
density in both the perovskite layer and the interface between it
and the upper carrier transport layer. A PCE of 19.55% and VOC of
1.133 V with negligible hysteresis have been achieved for the
champion devices with an upper passivation layer. Comparing to
the pristine and lower passivated devices, the upper passivated
PSC exhibits better long-term and thermal stability. The difference
has indicated that the upper passivation may not only induce
‘‘interfacial’’ but also ‘‘bulk’’ effects on the devices. Such a result

could hopefully facilitate the passivation in PSC devices in general
with other modifications and different materials.
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FULL PAPER
Efficient Inverted Planar Perovskite Solar Cells Using
Ultraviolet/Ozone-Treated NiOx as the Hole Transport Layer
Tun Wang, Dong Ding, Hao Zheng, Xin Wang, Jiayuan Wang, Hong Liu,*
and Wenzhong Shen*
Nickel oxide (NiOx) has exhibited great potential as a hole transport layer
(HTL) for fabricating efficient and stable perovskite solar cells (PSCs).
However, it has been greatly limited by its fabrication and manipulation
process. In this work, a simple processing method on an ultrathin
electrochemical mesoporous NiOx film manipulated by controllable ultravio-
let/ozone (UVO) treatment is employed; the duration of UVO treatment on
the NiOx film significantly affects the photovoltaic properties of the PSCs.
When the exposure duration increases, the wettability, electrical conductivity,
nonstoichiometry, and valence band energy of the NiOx film are improved
with varying degrees. Besides, the perovskite grain size, recombination
resistance at the perovskite/NiOx interface, and build-in potential of the
device also increase, resulting in higher short-circuit current density ( JSC) and
open-circuit voltage (VOC). Combining these factors together, an optimal
exposure time of UVO treatment on the NiOx film has been achieved at
5min, which results in a significantly high performance with an efficiency of
19.67%, large VOC (>1.1 V), and JSC (>23mA cm�2). Furthermore, the
experimental results are coincide well with simulation results on the different
corresponding subjects. Hopefully, this work could facilitate material manipu-
lation toward scalable, high efficiency, and stable solar cells.
1. Introduction

The organic–inorganic hybrid perovskite solar cells (PSCs) have
attracted huge interests because of their high power conversion
efficiency (PCE), simple fabrication process, and low-cost
potential.[1,2] After a rapid development over the past decade,
a certified record has been achieved to over 23%.[3–5] Among all
configurations, the p-i-n planar structure based on inorganic
hole transport layer (HTL) has emerged as a competitive one due
to its excellence in low hysteresis and long term stability.[6–9] As
an important part of the inverted PSCs, the HTL has been often
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selected from nonstoichiometric metal
oxides (such as CuOx,

[10] MoOx,
[11] and

NiOx
[12]) for their low cost and tunable

opto-electronic properties. NiOx, for in-
stance, has been focused in many previous
researches with its good energy band
matching with perovskite[12,13] and shown
attractive results such as a highest PCE
record of 20.86% in mixed cation PSCs.[14]

However, like the other candidates, NiOx

has been normally fabricated either by
solution based methods such as spin-
coating,[15] with less controllability and
scalability or vacuum based techniques
(such as magnetron sputtering,[16] atomic
layer deposition (ALD),[17] and pulsed laser
deposition (PLD)[18]) with remarkably high
cost and low productivity toward applica-
tion. To compensate those disadvantages,
the electrochemical deposition (ECD)
method could be a more suitable option,
with which a recent record of 17.0% (with
active area �1.084 cm2) and 19.2% (with
active area �0.1 cm2) has been achieved by
Park et al.[19] Nevertheless, as being more
and more concerned, the control of oxygen
vacancy in this nonstoichiometric NiOx has
never been an easy task, whose content and distribution could
severely influence the transportability of carriers and thus its
photovoltaic performance in devices.[20] Some researchers have
concerned on the interfacial engineering and proposed to insert
transition layer between HTL and perovskite film. However, this
process is quite complicated and uncontrollable.[21,22] As a
routine approach, ultraviolet/ozone (UVO) treatment has been
applied in many processes in the fabrication of oxide charge
transport layers (such as TiO2,

[23] SnO2,
[24] ZnO,[25] andMoOx

[26])
in PSCs. Compared to the studies on electron transport layer
(ETL) such as SnO2 and TiO2, as a hole transporter, the study on
NiOx has been focused on different properties, such as valence
band, work function, optical gap, while the former ETLs have
been mainly studied for their conduction band and surface
wettability before perovskite depositing.[23,27] Recently, Zhai et al.
studied the influence of different annealing temperatures on
UVO-treated NiOx film, and considered time as constant.[28]

Furthermore, Wang et al. focused qualitatively on the effect of
presence of UVO treatment on the NiAc for preparing polymer
solar cells, in which only NiAc under different conditions (with
some NiOOH formed after UVO) has been researched.[29]
019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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However, the evolution of the stoichiometry, microstructure and
chemical state of electrochemical NiOx in difference time stages
during theUVO treatment has never been discussed. Besides, the
optimal exposure duration of UVO treatment on NiOx film for
preparing PSCs is still not clear. Therefore, it would be a worth
investigating challenge to experimentally manipulate the stoichi-
ometry of NiOx as well as its microstructure and morphology.

In this study, we propose a facile strategy to prepare a uniform
and highly efficient electrochemically fabricated NiOx HTL via a
novel controllable ultraviolet/ozone (UVO) treatment. UVO
treatment improves p-type property of NiOx film, optimizes the
HTL/perovskite interface and adjusts the energy level of HTL in
the inverted planar PSC with a structure of FTO/NiOx/MAPbI3/
PCBM/BCP/Ag, in which NiOx film is firstly deposited by ECD
method.We have shown that the stoichiometry of the sample can
be effectively controlled by manipulation of the UVO treatment.
Based on that, a well balance could be established among the
optical transmittance property, wettability, surface morphology,
electrical conductivity, optical bandgap and carrier dynamics of
the as-prepared NiOx materials. Consequently, remarkable
enhancement of cell performance has been induced with a
PCE of 19.67% (VOC and JSC increased from 1.01V to 1.11V and
from 21.69mAcm�2 to 23.41mAcm�2, respectively) for the
champion device under optimal duration (5min) of UVO
treatment on NiOx HTL, with negligible hysteresis and high
stability. In comparison, the PSC device using pristine NiOx

shows the highest efficiency only 17.32%. To further verify the
effect of UVO treatment on the photovoltaic performances of
PSCs due to the improved physical and chemical properties of
NiOx film, the simulation based on Lumerical’s optical
simulation software of finite-difference time-domain (FDTD)
solutions 2017a and electrical simulation solver of DEVICE
2015a have been implemented. The simulated electrical
performances of the corresponding PSCs are consistent with
our experimental results, and have also revealed that the incident
light is more efficiently coupled into the perovskite layer from
UVO-treated NiOx comparing with the pristine NiOx film.
2. Results and Discussion

First of all, a thin layer of Ni(OH)2 was firstly obtained by ECD
process and the NiOx film can be finally prepared after thermal
annealing,[30] as indicated by Figure 1a. The curve on the bottom
represents the X-ray diffraction (XRD) pattern of FTO substrate,
which shows very strong characteristic peaks. The curve in the
middle corresponds to the unannealed sample, showing two
significant diffraction peaks at 33.1� and 38.5� (indicated by
diamondmarks) which are assigned to the (100) and (011) planes
of Ni(OH)2, respectively.[31] It has been reported that the
electrical conduction of NiOx transits from n-type to p-type with
post-deposition annealing at 200 �C and the optical band gap,
refractive index, carrier concentration, mobility and hall
coefficient of NiOx are varied to some extent with the annealing
temperature increasing from 100 to 500 �C.[32] Considering the
decomposition temperature of Ni(OH)2 is below 300 �C,[33] we
post-annealed the samples at 300 �C for 2 h, and a variety of
literatures have also demonstrated that 300 �C is indeed the
optimal annealing temperature for preparing NiOx HTL during
Sol. RRL 2019, 3, 1900045 1900045 (211
fabrication process of inverted PSCs.[6–8,34–36] After thermal
annealing at 300 �C for 2 h, these peaks vanished and new peaks
appeared at 37.2� and 43.3� (indicated by the star marks) owing
to the transformation of Ni(OH)2 to NiOx, which can be assigned
to the (111) and (200) planes, respectively,[37] well matching with
the cubic structure of NiO PDF-#47-1049. The estimated grain
size of NiOx according to the XRD pattern is 10.3 nm by using
Debye-Scherrer equation,[38] which is consistent with the
previous report.[39] The top view scanning electron microscopy
(SEM) image of the electrochemically deposited NiOx film is
shown in Figure 1b, indicating the FTO nanograins are totally
covered by mesoporous NiOx films. The mesoporous film
becomes much denser with the increasing deposition time
according to the SEM images in the Supporting Information
(Figure S1a–e, Supporting Information). Besides, the thickness
of deposited NiOx film can be accurately controlled by adjusting
the deposition time,[40] and corresponding current density–
voltage (J–V) characterization of PSCs has verified that the
optimal ECD deposition time for fabrication of NiOx is 90 s
(details can be found in Figure S1 and S2, Supporting
Information), with constant current density of 0.1mAcm�2.[19]

The inset of Figure 1b illustrates the cross-sectional image of the
NiOx film prepared under optimal deposition time of 90 s and its
thickness is about 40 nm, much thinner than the reported
optimal thickness (50–150 nm) by solution-derived spin-coating
method.[13,34,39,41] Benefiting from the electrochemical deposi-
tion method, the FTO grains are fully covered by NiOx film even
though it is very thin (Figure S1c, Supporting Information), thus
effectively avoiding direct contact and current leakage between
perovskite and conducting substrate. The thinner NiOx film can
reduce series resistance and introduce less internal crystal
boundaries, leading to less recombination in the NiOx film.[42]

The root-mean square (RMS) roughness of prepared mesopo-
rous NiOx film is 10.9 nm according to the three-dimensional
atomic force microscopy (AFM) image in Figure 1c, slightly
smaller than that of the bare FTO substrate (Figure 1d), with
RMS roughness up to 14.3 nm. Noticeably, the simplest solution
process to grow perovskite layer is the one-stepmethod, in which
the precursors are transformed into crystalline perovskite
through fast solvent evaporation during spin-coating and
annealing, so the controllability of the crystal growth and film
uniformity would become challenging, especially for a rough
substrate.[43] Therefore the NiOx substrate with lower roughness
would be beneficial in this case.

As commonly known, UVO treatment has been an effective
way to modify the surface and electrical properties of thin
films.[20,23,26] However, the exact process and influence on the
nonstoichiometric materials has seldom been studied, thus we
have carried out the UVO treatment on the as-prepared samples
with different times. Firstly, the physical characterization has
been presented in Figure 2. Figure 2a shows the optical
transmittance spectra of the prepared NiOx film deposited on
FTO substrate with different times of UVO treatment. All the
deposited NiOx films have displayed high transmittance around
85% over a broad spectral range (400–800 nm), almost the same
with bare FTO substrate. Such a high transparency would be a
good preliminary condition for PSCs. The wettability measure-
ment has shown drastic change of surface tension with the UVO
treatment. As shown in Figure 2b, the contact angle of the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)1
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Figure 1. a) Comparison of the XRD pattern of FTO, Ni(OH)2 and NiOx. b) Top-view SEM image of prepared NiOx mesoporous film on FTO substrate.
The inset shows the cross-sectional SEM image of the deposited NiOx film under optimal deposition condition. Three-dimensional AFM images of
(c) NiOx film deposited on FTO and (d) bare FTO substrate.
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control sample without UVO treatment was 45.6� and
dramatically decreased to around 25� after UVO exposure with
different times. The slight recovery of hydrophobicity with
longer UVO exposure time is probably attributed to loss of low
Figure 2. Physical properties of NiOx processed under different conditions: a
films with different UVO exposure times. b) Contact angles of a water drople
initial and UVO-treated NiOx films with different exposure times based on F
UVO treatment. For clarity, FTO/UVO-NiOx and FTO/NiOx stand for the sa

Sol. RRL 2019, 3, 1900045 1900045 (3112
molecular weight organic material that has been created on the
surface during UVO treatment and reorientation of side groups
on the molecules due to the burying of newly formed polar
groups in the exposure region.[44,45] The smallest contact angle
) Optical transmission spectra of bare FTO substrate and deposited NiOx

t on NiOx surfaces as a function of UVO exposure time. c) I–V curves for
TO/NiOx/Ag structure. d) Tauc plots for the NiOx films with and without
mple with and without UVO treatment, respectively.
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24.2� is obtained by exposure under UVO for 5min, which
facilitates the formation of a more uniform perovskite layer.[46,47]

The current–voltage (I–V) characteristics have been measured
under dark condition to determine the effect of UVO treatment
on the electrical conductivity of the NiOx film (Figure 2c). The
linear I–V characteristics exhibit perfect ohmic contact between
p-type NiOx and Ag electrode. As we know, the electrical
conductivity is proportional to the tangent of the I–V curve.
Hence, the electrical conductivity of the NiOx film after UVO
treatment has been significantly improved compared to the
pristine NiOx film without UVO treatment, and gradually
increased with longer exposure time of the UVO radiation
(Figure S3, Supporting Information).[48] The conductivities are
estimated to be 1.99� 10�6 S cm�1 (0min), 2.19� 10�6 S cm�1

(1min), 2.89� 10�6 S cm�1 (5min), 3.00� 10�6 S cm�1

(10min), and 3.01� 10�6 S cm�1 (20min), respectively. This
result is roughly consistent with the previous literature,[20] in
which the electrical conductivity rose to more than one order of
magnitude higher after the NiOx film was treated by UVO for
10min. Furthermore, we have derived the optical bandgap of the
samples from the Tauc plots in Figure 2d, in which (αhν)2 is
plotted as a function of hν from previous absorption spectra, with
α, h, and ν representing the absorption coefficient, Planck
constant, and light frequency, respectively. The estimated optical
gaps are both approximately 3.80 eV, quite consistent with the
reported values.[42,49] According to this study, the UVO treatment
on the bandgap of NiOx has been not significant.

Secondly, high energy photons could also influence the
oxidization state and crystalline situation in the oxides.[20,50]

Therefore the chemical and microstructural properties of the
objects have been further investigated, as shown in Figure 3.
Figure 3a and b illustrate the high-resolution X-ray photoelectron
Figure 3. XPS spectra of (a) Ni 2p3/2 and (b) O 1s core levels of the NiOx HTL
fitting peaks of the NiOx film by UVO treatment of 20min. c) Comparison o
spectra of the NiOx and UVO-NiOx films deposited on FTO substrate.
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spectroscopy (XPS) spectra of the Ni 2p3/2 and O 1s core levels of
the prepared NiOx films, respectively. The black scatters denote
the pristine NiOx without UVO treatment and the colored
scatters represent the NiOx films exposed by UVO versus
different time. The solid and dashed lines in both Ni 2p3/2 and O
1s core levels are the fitted components that corresponding to
different chemical states.[14,17,51] For the NiOx without UVO
treatment, the peak at 860.9 eV in the Ni 2p3/2 spectrum is
ascribed to the shakeup process of the NiO structure.[39,42,52]

Other three distinct peaks are corresponding to the presence of
NiO in the cubic rock-salt structure[52] (853.8 eV in Ni 2p3/2 and
529.2 eV in O 1s), Ni2O3 in the hexagonal crystal structure[53]

(855.5 eV in Ni 2p3/2 and 530.9 eV in O 1s) and NiOOH (856.5 eV
in Ni 2p3/2 and 531.5 eV in O 1s) due to some residual
hydroxide,[54] respectively. Comparing the XPS spectra of the
NiOx under different conditions together, we find that Ni3þ state
has been gradually outnumbering the Ni2þ state with increasing
time (can be found in Figure S4a in the supporting information).
This change has clearly indicated a continuous stoichiometry (O/
Ni ratio) transformation versus time (Figure S4b, Supporting
Information), which is consistent with the formation of Ni
vacancies.[20] More importantly, it has also indicated the
significant controllability of the x value in the NiOx by the
UVO treatment. Furthermore, the whole spectrum appears to
shift toward higher binding energy with the increasing time of
UVO exposure (Figure S5, Supporting Information). For
instance, the corresponding peaks of NiO, Ni2O3, and NiOOH
of the NiOx film by UVO treatment for 20min, plotted by the
olive dashed curves in Ni 2p3/2 spectrum (Figure 3a), eventually
increase to 854.1 eV, 855.7 eV, and 857.4 eV, respectively. In
terms of the O 1s spectrum (Figure 3b), the corresponding peaks
also shift to higher binding energy after being treated for 20min,
exposed by UVOwith different times. The dashed curves indicate Gaussian
f the XRD pattern of NiOx film with and without UVO treatment. d) UPS
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the binding energies are 529.5 eV, 531.2 eV, and 532.5 eV,
respectively. Such a total shift has indicated higher positive
oxidization state with the exposure lasted, and therefore less
oxygen vacancies. In addition to UVO treatment, annealing
temperature also exhibits the ability to adjust the stoichiometry
of NiOx. However, such change seems quite small, as reported by
Manceriu that the O/Ni ratio increases from 1.010 to 1.016 with
the annealing temperature increasing from 350 to 600 �C.[55] In
this paper, we just focus the effect of UVO treatment on NiOx

film under optimal annealing temperature.
As shown in Figure 3c, the microstructure change in the

samples has been analyzed by XRD, where no significant
difference could be detected between the XRD peaks of the UVO-
treated and control sample, indicating that the influence of UVO
treatment on the microstructure of the NiOx has been trivial.
Moreover, the energy band alignment between the light absorber
and charge transport layers plays a significant role in the
extraction/transfer process of the photo-induced carriers. Hence
ultraviolet photoelectron spectroscopy (UPS) has been carried
out to check the energy levels of the prepared NiOx films. As
shown in Figure 3d, the photoemission cutoff spectra (in the left
panel) indicates that the work function (WF) of prepared NiOx

film has increased from 4.79 eV to 4.86 eV after UVO treatment,
where WF can be calculated by the formula WF¼hν (21.22 eV)-
Ecutoff. The right panel of Figure 3d shows the difference between
the valence band and Fermi level (EV�EF), which has been
0.48 eV for both situations. The valance band maximum (VBM)
of the prepared NiOx film has shifted from 5.27 eV to 5.34 eV
after UVO treatment. The deeper VBM of UVO-NiOx film can
closely match that of the perovskite layer to minimize the energy
misalignment for the holes extraction, which shows great
potential to induce higher VOC of the PSCs.[16,56]

Finally, to investigate the NiOx samples in real applications,
PSCs have been fabricated based on them. Firstly, perovskite
film has been deposited on the UVO-exposed NiOx film in a
glovebox filled with nitrogen by one-step spin-coating process.
As shown in Figure 4a and b, the resulting perovskite layers are
dense and uniform for the samples with or without UVO
treatment. However, the grain size of the UVO-treated NiOx has
been significantly larger than the untreated control sample, as
shown in Figure 4c, which could hopefully facilitate the transport
and collection of photogenerated carriers because of less grain
boundaries.[57,58] The increase in perovskite crystal grain size
could be ascribed to the smaller number of nuclei formed on
UVO-treated NiOx surface because of lowered surface en-
ergy.[59,60] Besides, the UVO treatment improves the work
function of prepared NiOx film, which is beneficial to the
formation of ohmic contact between NiOx film and perovskite
precursor materials.[29] To study the effect of UVO treatment on
carrier dynamics of NiOx film, we have investigated interfacial
charge-carrier characteristics that influences photovoltaic per-
formances of NiOx-based PSCs. Steady-state photoluminescence
(PL) and time-resolved photoluminescence (TRPL) measure-
ments were carried out to study the efficiency of charge
extraction. As illustrated in Figure 4d, FTO/MAPbI3 structure
displays a strong perovskite emission signal nearly at 764.6 nm
and the UVO-NiOx film exhibits more efficient PL quenching for
MAPbI3 layer than the pristine NiOx film, suggesting enhanced
hole extraction ability and transport efficiency from perovskite
Sol. RRL 2019, 3, 1900045 1900045 (5114
layer after UVO treatment. The TRPL spectra shown in
Figure 4e demonstrates that the UVO treatment successfully
accelerates the hole-extraction process from the perovskite layer
to the NiOx HTL, which is in accordance with the steady PL
spectra. The TRPL decay curves were fitted to a bi-exponential
Equation (1).[35]

I tð Þ ¼ A1exp � t� t0
τ1

� �
þ A2expð� t� t0

τ2
Þ ð1Þ

where t0 is the start time of decay process, τ1 and τ2 represent the
first and second order decay times, A1 and A2 are weighting
coefficients of each decay channel. In general, the fast decay
component (τ1) is due to the quenching of charge carriers at the
HTL/perovskite interface, and the slow decay component (τ2) is
attributed to the radiative recombination of free charge
carriers.[61] The average decay time (τa) can be estimated from
the Equation (2).[62]

τa ¼
P

Anτ2nP
Anτn

ð2Þ

The fitted parameters are summarized in Table S1. Notably,
the average decay time of MAPbI3 coated on FTO substrate is
10.5 ns. The structure of FTO/UVO-NiOx/MAPbI3 exhibits a τa
of 4.7 ns, which is much smaller than 7.8 ns of the control
sample (FTO/ NiOx/MAPbI3), suggesting a faster hole extraction
from the perovskite layer to NiOx film with UVO treatment. The
large grain size provides greater PL intensity and longer carriers
lifetime (TRPL) according to some published literatures.[63,64]

However, there’s also another factor that influence these
properties, i.e., the charge transfer from the perovskite to the
substrate, which could be induced by charge collection and
transport efficiencies.[34] It means, lower PL intensity and faster
PL decay could be induced by better charge separation and
extraction at perovskite/HTL interface.[59,65] In this paper, it
seems that the improved charge transfer at interface dominates
the PL intensity and decay time. The efficient hole transfer
significantly contributes to the high JSC and VOC values for the
NiOx-based PSCs.What’smore, according to the optical bandgap
(Figure 2d), work function and VBM edge (Figure 3d) of
prepared NiOx and UVO-NiOx films, the energy band diagram of
prepared PSC device is described in Figure 4f. The energy levels
of NiOx, perovskite, PCBM, and BCP are well aligned against
vacuum. Especially, the smaller VBM difference between UVO-
NiOx and perovskite layers signifies better hole extraction
property comparing with that of the pristine NiOx film. The thin
BCP layer is believed to work as a hole-blocking layer, which can
effectively prevent the recombination of photo-induced carriers
and improve the fill factor (FF).[8,66]

Afterwards, Ag electrodes have been integrated onto
perovskites, forming a structure of FTO/NiOx/CH3NH3PbI3/
PCBM/BCP/Ag for the PSCs, as illustrated in Figure 5a. The
Cross-sectional SEM image of a typical device based on UVO-
treated NiOx (Figure 5b) has indicated uniform layer formation
and quite regular interfacial condition, which shows better
coverage of perovskite layer than the device based on pristine
NiOx film (Figure 5c). The estimated thickness of perovskite
layer is approximately 390 nm, close to its average grain size,
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 4. Top view SEM image of the perovskite film coated on the NiOx film (a) without and (b) with UVO exposure. c) Perovskite grain size distribution
histogram of NiOx-based device with and without UVO exposure. d) Steady-state and (e) time-resolved photoluminescence spectra of the perovskite film
deposited on bare FTO substrate, pristine NiOx, and UVO-NiOx. f) Schematic representation of the energy band diagram for the PSC device.
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which could enhance its photovoltaic performance since the
photo-induced carriers can be more easily transported and
extracted through one perovskite grain,[67] while it is still thick
enough for the light absorption.[9] The photovoltaic performance
of the PSCs with NiOx under different conditions has been
Figure 5. a) Three-dimensional schematic diagram of the inverted architectur
on (b) UVO-treated NiOx and (c) pristine NiOx. d) J–V curves of optimal PSC d
Statistics of VOC and JSC for NiOx-based PSCs with and without UVO treatm
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studied in details. The optimal J–V curves are displayed in
Figure 5d, which have been measured under AM 1.5 G
simulated sunlight (100mWcm�2). The control device without
UVO treatment exhibits a PCE of 17.32%, with a VOC of 1.01V, a
JSC of 21.69mAcm�2 and an FF of 78.70%. Amazingly, the
e. False color cross-sectional SEM image of the perovskite solar cell based
evices based on UVO-treated NiOx HTLwith different exposure times. (e)
ent.
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Table 1. Photovoltaic parameters of the PSCs based on NiOx and
UVO-NiOx HTL.

Sample Scan direction VOC [V] JSC [mA cm�2] FF [%] PCE [%]

NiOx Reverse 1.01 21.69 78.70 17.32

Forward 1.02 21.48 78.10 17.05

UVO-NiOx Reverse 1.11 23.39 75.59 19.67

Forward 1.11 23.30 75.18 19.48

www.advancedsciencenews.com www.solar-rrl.com
fabricated PSC devices have exhibited greatly improved VOC and
JSC after UVO treatment on the NiOx films. On one hand, the JSC
of all PSCs based on UVO-NiOx has been larger than
23mAcm�2, at least 7.8% higher than that of the control
device. The optimal JSC can be up to 23.41mAcm�2, as far as we
know, which is comparable to the published record (24.19mA
cm�2) in pure MAPbI3 system,[68] but still shows significant gap
to the theoretical limit of MAPbI3-based PSCs (26.46mA
cm�2).[69,70] On the other hand, the VOC increment is related
to the UVO exposure time. The optimal VOC increases to 1.05V,
1.11V, 1.08 V, and 1.08V with UVO exposure time at 1min,
5min, 10min, and 20min, thus yielding an optimal PCE of
17.74%, 19.67%, 19.11%, and 18.49%, respectively. The low
performance for the control device without UVO treatment
should have been caused by small JSC and VOC, which is related
to low carrier mobility and high Fermi energy offset between
NiOx and perovskite.[16,61] In comparison, the PSCs based on
NiOx HTL exposed by UVO for 5min exhibit much better
performance. Figure 5e presents the statistics of photovoltaic
parameters VOC and JSC for over 50 devices based on pristine
NiOx and UVO-NiOx HTL, respectively. The larger JSC and
higher VOC could be attributed to the higher hole conductivity in
the HTL,[71] less defects at HTL/perovskite interface and
narrower offset of the valence band between NiOx and perovskite
after appropriate UVO exposure,[72] respectively. What’smore, as
normally known for PSCs, the hysteresis of J–V characteristics
has been an important factor that could deteriorate the stability
of the cell output.[73]

As shown in Figure 6a, UVO-NiOx-based PSCs and control
device have both exhibited negligible hysteresis, where the
Figure 6. a) J–V curves of champion PSC devices based on pristine and U
showing negligible hysteresis. b) Dark J–Vmeasurement of the hole-only devi
0.25 cm2, the inset indicates the real image of prepared PSC device. d) Stead
(0.93 V) near the maximum power point and respective calculated PCE.
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champion devices have shown PCE of 19.67%, 17.32% for the
backward scanning and 19.48%, 17.05% for the forward
scanning, respectively. Detail parameters are listed in Table 1.
For further understand the enhancement of the photovoltaic
performance, the space-charge limited current method was
employed to examine the defect states at perovskite/HTL
interface. The trap-state density (ntrap) can be calculated
according to Equation (3).[21]

ntrap ¼ 2ee0VTFL

eL2
ð3Þ

where e and e0 are the relative dielectric constant of perovskite
(6.5)[74] and vacuum, respectively. e is elementary charge, and L is
the thickness of the film between two electrodes (�500 nm).VTFL

is the trap-filling limited (TFL) voltage, which could be derived
from the J–V curves under dark condition, as shown in
Figure 6b. The VTFL of the hole-only devices (FTO/NiOx/
perovskite/Ag) based onUVO-treated NiOx and pristine NiOx are
VO-treated NiOx, which were measured under different scan directions,
ces. c) J–V curves measured from different positions with an active area of
y-state photocurrent of the champion device measured at a bias voltage
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0.40 and 0.61V, respectively. As a result, the calculated ntrap
decreased from 1.76� 1015 cm�3 for NiOx/perovskite to
1.15� 1015 cm�3 for the UVO-NiOx/perovskite, which demon-
strates a reduced trap recombination at HTL/perovskite interface
for the UVO-treated NiOx. Compared to the spin-coating
method, the NiOx film fabricated by ECD method is relatively
more uniform and is more scalable for large area devices with
absence of mechanical fabrication procedure.[19] Moreover, the
devices have all presented good uniformity without edge
influence (Figure 6c), where J–V characteristics have been
measured at different positions. This has proved significant
excellence of this method in the scalability of cells, which is an
important factor for real application of devices. As shown in
Figure 6d, the photocurrent of the champion device by applying a
bias voltage at the maximum output point (0.93 V) was quickly
stabilized after the light was turned on, and the stabilized PCE
values were very close to the result from the J–V measurement,
both of which support the negligible hysteresis behavior of our
PSCs.

Furthermore, the external quantum efficiency (EQE) spectra
in Figure 7a has illustrated the detail of the improved
photovoltaic performance of UVO-NiOx based PSCs from the
spectroscopic response, where the EQE has been gradually
enhanced in 350–500 nm and 600–700 nm regions with the
increasing exposure time of UVO treatment on NiOx film. The
spectrum has shown a broad plateau around 90% in the range of
350–750 nm, which is consistent with previous literatures, where
the maximum values are all above 90% for MAPbI3-based
PSCs.[43,75–78] The integrated JSC of the champion device can be
up to 22.55mAcm�2, consisting with the measured JSC of
Figure 7. a) EQE and integrated JSC spectra, (b) EIS Nyquist plots and (c) ph
devices based on UVO-treated NiOx with different UVO exposure time. The in
devices based on pristine and UVO-treated NiOx films as a function of storage
term storage.
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23.39mAcm�2 by the J–Vmeasurements. The enhancement of
JSC is partly attributed to improved electrical conductivity of NiOx

HTL and better crystallinity of perovskite grown on UVO-treated
NiOx film.[79,80] The improved carrier transport and extraction
abilities can also efficiently improve the EQE values by some
recent reports.[14,75,81] Besides, interface condition may play a
crucial role according to previous discussion. To investigate that,
the electrical impedance spectroscopy (EIS) has been also
performed, which could provide more insight into the charge
transport process and contact resistance information.[67] It is well
known that in the Nyquist plot, the high-frequency part (arc at
the left) corresponds to the transfer resistance (Rtr) and the low-
frequency part (arc at the right) corresponds to the recombina-
tion resistance (Rrec).

[61,82] However, the arc at the high
frequency region (left side of the curve) has almost vanished
and cannot be observed in the Nyquist plots shown in Figure 7b,
which indicates a large conductivity in the hole transport layer.
The only one semicircle will then be more likely related to the
recombination processes.[66] It means that the Rrec of the UVO-
NiOx based PSCs is much higher than that of the control sample
without UVO treatment, i.e., a decreased recombination at the
interfaces.[83] The highest Rrec is obtained at 5min of UVO
treatment, which is consistent with the above discussion.
Furthermore, the junction properties at the HTL/perovskite
interface was also investigated by capacitance–voltage (C–V)
characterizations, which were conducted under dark condition.
As shown in Figure S6, Supporting Information, the Mott-
Schottky impedance analysis plotted by C�2 vs. voltage indicates
larger built-in potential (Vbi) for UVO-NiOx-based perovskite
device (1.03V) comparing with NiOx-based perovskite (0.89 V),
otovoltaic parameters (VOC, JSC, FF, and PCE) distributions of perovskite
set shows equivalent circuit by Nyquist fitting. (d) Normalized PCE of PSC
time. The insets are the real device images at the start and end of the long-
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where Vbi can be estimated from the x-intercept of fitting line
from the Mott-Schottky plot. The increased Vbi could accelerate
charge dissociation and avoid charge accumulation at HTL/
perovskite interface,[17,84,85] which can also attribute to higher
VOC and this result is consistent with the above discussion about
EIS measurement. Therefore, the much larger VOC of PSCs
based on UVO-treated NiOx is the result of multiple factors,
including the higher hole conductivity in the HTL, the
improvement of the crystallinity and surface coverage of the
perovskite films, the reduced defects at HTL/perovskite
interface, and the narrowed offset of the valence band between
NiOx and perovskite film. Figure 7c exhibits the photovoltaic
performance distribution of PSCs based on different exposure
time of UVO treatment on NiOx HTL. It can be observed that the
prepared PSCs based on pristine NiOx display an average JSC of
20.77mAcm�2, a VOC of 1.01V and a PCE of 76.19%, resulting
in a relatively low average PCE of 15.26%. When increasing the
exposure time of UVO treatment to 5min, the average JSC and
VOC of PSCs are increased to 22.76mAcm�2 and 1.09V,
respectively, both of which are much higher than that of the
PSCs based on UVO-treated NiOx with the other three exposure
times. Note that the FF of the devices with UVO-treated NiOx

under different durations of UVO exposure are approximately
equal, but smaller than that of the pristine NiOx, which may be
ascribed to the imbalance of the electron and hole mobi-
lities.[86,87] As a consequence, the champion PCE is achieved
with UVO treatment on NiOx HTL for 5min. Moreover, the
devices with UVO exposure for 5min perform smallest error
bars of photovoltaic performance comparing with other different
UVO treatment conditions, demonstrating excellent reproduc-
ibility and reliability of the planar-type PSC. In addition to the
high photovoltaic efficiency, the durability of the PSCs for long-
term application is another major concern. We therefore carried
out the long-term stability of fabricated PSCs without encapsu-
lation in inert environment (H2O <1 ppm and O2 <0.1 ppm) at
room temperature and the J–V curves were periodically
measured to extract the photovoltaic parameters. As shown in
Figure 7d, the control device based on pristine NiOx HTL has
retained around 80% of its initial performance after 40 days
Figure 8. Light field distributions in the interfaces of (a) FTO/NiOx/MAPbI3 a
NiOx HTL with and without UVO treatment.
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storage, which is comparable with the reported NiOx-based
devices,[34,35] while the resulting UVO-NiOx based PSC has
maintained 84% of its initial efficiency and shown higher long-
term stability. The insets of Figure 7d are the real images of the
same PSCdevice based onUVO-NiOxHTL before and after long-
term storage, showing high stability without obvious deteriora-
tion. Such improvement of long-term stability could possibly be
due to certain passivation effect with less oxygen vacancies
compared to the untreated sample and the development of
morphological defects at UVO-NiOx/perovskite interface. A
future improvement in the stability of PSCs without sacrificing
PCE could be implemented using inorganic perovskite layer and
replacing the PCBM with metal oxide charge transport
materials.[6,34]

To further validate the impact of UVO-treated NiOx HTL on
the performance of the PSCs with inverted p-i-n planar
configuration, Lumerical’s FDTD and DEVICE have been
deployed to simulate optical-field-intensity distributions in
the interfaces and detailed photovoltaic parameters (VOC, JSC,
FF, PCE), respectively. The values of work function and
electrical conductivity of NiOx layer have been determined by
our experimental results, while other parameters (such as
energy bandgap, carrier mobility, refractive index and defect
density of other used materials) have been extracted from
published literatures.[74,88–90] Figure 7a and b illustrate the
optical field distributions with a wavelength of 650 nm in the
structures of FTO/NiOx/MAPbI3 and FTO/UVO-NiOx/MAPbI3,
respectively. The wavy lines are introduced as interfaces to
distinguish different layers with its amplitude and periodicity
standing for the roughness. Corresponding to the larger grain
size of perovskite layer deposited on UVO-NiOx (Figure 4), the
wavy line representing UVO-NiOx/MAPbI3 interface has
exhibited relatively longer periodicity than that for the NiOx/
MAPbI3 interface. Apparently, as shown in Figure 8a, the light
field in MAPbI3 layer is rather weak, while after UVO treatment
on NiOx HTL, the stronger optical-field-intensity is observed in
the perovskite layer (Figure 8b). This is probably due to the larger
perovskite grain size effectively combine with the UVO-NiOx

HTL, which enables the incident light can be efficiently coupled
nd (b) FTO/UVO-NiOx/MAPbI3. c) Simulated J–V curves of PSCs based on
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into the light absorber layer, thus significantly improve the
performances. In addition, the improved work function and
electrical conductivity of the HTL after UVO treatment have also
contributed to efficiently enhancing JSC and VOC of prepared
PSCs.[56] The simulated J–V curves of PSCs based on NiOx and
UVO-NiOx layers are plotted in Figure 8c, where the inset lists
the corresponding photovoltaic parameters. The performances
have all been enhanced for UVO-NiOx-based PSCs comparing
with the control devices based on NiOx HTL. For example, the
VOC increases from 1.06 to 1.14 V, and the corresponding
champion PCE increases from 18.42% to 21.74%. Ignoring
environmental and test deviations, the simulation results have
been well consistent with our experimental results (Figure 5d),
revealing meaningful work on understanding the positive
influence of UVO-treated NiOx layer for inverted PSC devices.
3. Conclusions

In summary, we have demonstrated a controllable approach to
form high-quality mesoporous NiOx film as HTL for efficient
PSCs through UVO treatment and ECD technique. The UVO
treatment increases the surface wettability, electrical conductiv-
ity, and work function of the prepared NiOx film, which benefits
for good coverage of perovskite layer, leading to efficient
extraction of photogenerated holes from the light absorber layer
and low interfacial recombination due to the large grain size of
perovskite. As a result, the fabricated devices based on UVO-
treated NiOx film exhibit the highest PCE of 19.67%, with a JSC of
23.39mAcm�2, a VOC of 1.11V, and an FF of 75.59% with good
reproducibility and no obvious hysteresis. Comparing with
initial NiOx-based PSCs, the devices based on UVO-treated NiOx

film exhibit higher photovoltaic performance, and importantly, it
also shows better stability. Further FDTD simulation verifies our
experimental results. This study offers a novel strategy to
optimize the surface of NiOx HTL for designing high-
performance PSCs and also paves the way toward commercial
and scalable manufacturing of PSCs.
4. Experimental Section
Materials: The patterned fluorine-doped tin oxide (FTO)-coated glass
substrates were purchased from Shanghai MaterWin New Materials Co.,
Ltd, China. Lead iodide (PbI2, 99.9%), methylammonium iodide
(CH3NH3I, 99.5%), phenyl-C61-butyric acid methyl ester (PCBM,
99.5%) and bathocuproine (BCP, 99%) were all acquired from Xi’an
Polymer Light Technology Corp. Nickel (II) nitrate hexahydrate (Ni-
(NO3)2 � 6H2O, 99%) was acquired from InnoChem, China. Nickel foil
(300mm, 99.99%) was purchased from Shengshida metal materials Co.,
Ltd, China. Dimethyl sulfoxide (DMSO, 99.8%) and chlorobenzene (CB,
99.5%) were acquired from Sigma-Aldrich, γ-butyrolactone (GBL, 99.8%)
were purchased from Aladdin. Ethyl alcohol (EtOH), isopropanol (IPA)
and acetone were all purchased from Yonghua Chemical Technology
(Jiangsu) Co., Ltd. China.

Preparation of NiOx Layer: The patterned FTO/glass substrates were
sequentially cleaned by sonication in acetone, IPA, EtOH, and deionized
water for 15min at each step. The ECD process for the NiOx has been
carried out in a two-electrode system, with the cleaned FTO/glass
substrate as the working electrode, a nickel foil as the counter electrode
and nickel (II) nitrate hexahydrate aqueous solution (0.02M) as the
electrolyte. The deposition was implemented using a constant current
Sol. RRL 2019, 3, 1900045 1900045 (111
density of 0.1mA cm�2 for 90 s controlled by a programmable
electrochemical workstation (CS350H, Corrtest, China). Then the
deposits were exposed to the UVO cleaning device (BZS250GF-TS,
Hwotech, China) with different times and then annealed in a muffle
furnace (Thermolyne, Thermo Scientific, USA) at 300 �C for 2 h. The
control sample has been directly annealed under the same condition
without UVO treatment.

Device Fabrication: Thereafter, the samples were transferred to a
nitrogen-filled glovebox as the substrates to grow perovskite layer by one-
step method. The perovskite precursor was prepared by dissolving 1
mMol of PbI2 and 1mMol of CH3NH3I in 1mL GBL and DMSO mixed
solvent (7:3 v/v). This solution was spin-coated onto the NiOx film at
500 rpm for 12 s and then 4000 rpm for 30 s. 150mL CB was rapidly
dropped 10 s before the end of the spin-coating process. Subsequently,
the samples were placed into an airtight glass pot and dried in the muffle
furnace at 100 �C for 10min. PCBM solution (20mg/mL dissolved in CB)
and BCP solution (0.5mgmL�1 in IPA) were then sequentially spun onto
the perovskite layer at 2000 rpm for 30 s and 4000 rpm for 30 s,
respectively. Each as-prepared solution has been filtered through a
polytetrafluoroethylene (TPFE) filter (0.45mm) before spin-coating
process. Finally, approximately 120 nm thick of silver electrodes were
deposited on the top of BCP layer by thermal evaporation (PECVD350,
Shenyang Xinlantian vacuum technology Co., Ltd, China). The active area
of the PSC devices is 0.25 cm2.

Characterization: The morphology of the samples has been monitored
by scanning electron microscopy (SEM, Carl Zeiss, Germany) and atomic
force microscopy (AFM, Nanoscope IIIa Multimode, USA). Transmission
spectra of the NiOx HTL with and without UVO treatment were collected
by UV/vis/NIR spectrophotometer (LAMBDA750, PerkinElmer, USA). The
wettability of prepared NiOx film was analyzed by a contact angle analyzer
(DSA100, KR€USS, Germany). The electrical performance of the UVO-
treated and pristine NiOx films was measured by a Keithley 2400
SourceMeter. The crystallinity of the samples has been characterized by X-
ray diffraction (XRD, D8 ADVANCE, Germany). Furthermore, the
elemental composition and energy band diagram of the prepared NiOx

films have been characterized by X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250, USA) and ultraviolet photoelectron spectroscopy
(UPS) using a monochromatic He-I light source with incident energy of
21.22 eV. The steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectra of the samples have been measured
by Steady-State & Time-Resolved Fluorescence Spectrofluorometer (QM/
TM/IM, PTI, USA) with an excitation laser of 460 nm. The photocurrent
density–voltage ( J–V) curves of the as-fabricated devices have been
measured under standard 1 sun AM 1.5G with a solar simulator
(Newport, 2612A) in air, with the scanning rate at 0.1 V�1 s�1. The solar
simulator has been calibrated with a Newport 91150 V reference silicon
cell system before measurement. The external quantum efficiency (EQE)
spectra of PSCs have been measured using a quantum efficiency
measurement system (QEX10, PV measurements, USA) in air without
bias light. The electrochemical impedance spectroscopy (EIS) has been
carried out at potentials of 0.7 V in the dark with frequencies sweeping
from 1Hz to 100 kHz by using an electrochemical workstation (CS350H,
Corrtest, China) and the oscillation potential amplitudes were adjusted to
10mV.
Supporting Information
Supporting information is available from the Wiley Online Library or from
the author.
Acknowledgements
This work was supported by the Natural Science Foundation of China
(11834011, 11674225, 11474201, and 11204176).
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim0 of 12)9

http://www.advancedsciencenews.com
http://www.solar-rrl.com


www.advancedsciencenews.com www.solar-rrl.com
Conflict of Interest
The authors declare no conflict of interest.
Keywords
hole transport layer, nickel oxide, perovskite solar cells, ultraviolet-ozone
treatment

Received: January 30, 2019
Revised: March 5, 2019

Published online: March 28, 2019

[1] S. I. Seok, M. Gratzel, N. G. Park, Small 2018, 14, 1704177.
[2] M. Saliba, J. P. Correa-Baena, M. Gratzel, A. Hagfeldt, A. Abate,

Angew. Chem. Int. Ed. Engl. 2018, 57, 2554.
[3] N. J. Jeon, H. Na, E. H. Jung, T.-Y. Yang, Y. G. Lee, G. Kim, H.-

W. Shin, S. Il Seok, J. Lee, J. Seo, Nat. Energy 2018, 3, 682.
[4] NREL. Efficiency chart. https://www.nrel.gov/pv/assets/pdfs/pv-

efficiency-chart.20190103.pdf (accessed: January 2019).
[5] Z. Wang, Q. Lin, B. Wenger, M. G. Christoforo, Y.-H. Lin, M. T. Klug,

M. B. Johnston, L. M. Herz, H. J. Snaith, Nat. Energy 2018, 3, 855.
[6] J. You, L. Meng, T. B. Song, T. F. Guo, Y. M. Yang, W. H. Chang,

Z. Hong, H. Chen, H. Zhou, Q. Chen,Nat. Nanotechnol. 2016, 11, 75.
[7] K. Lee, J. Ryu, H. Yu, J. Yun, J. Lee, J. Jang, Nanoscale 2017, 9, 16249.
[8] J. Y. Jeng, K. C. Chen, T. Y. Chiang, P. Y. Lin, T. D. Tsai, Y. C. Chang,

T. F. Guo, P. Chen, T. C. Wen, Y. J. Hsu, Adv. Mater. 2014, 26, 4107.
[9] W. Chen, L. Xu, X. Feng, J. Jie, Z. He, Adv. Mater. 2017, 29, 1603923.

[10] H. Rao, S. Ye, W. Sun, W. Yan, Y. Li, H. Peng, Z. Liu, Z. Bian, Y. Li,
C. Huang, Nano Energy 2016, 27, 51.

[11] P. Schulz, J. O. Tiepelt, J. A. Christians, I. Levine, E. Edri,
E. M. Sanehira, G. Hodes, D. Cahen, A. Kahn, ACS Appl. Mater.
Inter. 2016, 8, 31491.

[12] W. Nie, H. Tsai, J. C. Blancon, F. Liu, C. C. Stoumpos, B. Traore,
M. Kepenekian, O. Durand, C. Katan, S. Tretiak, J. Crochet,
P. M. Ajayan, M. Kanatzidis, J. Even, A. D. Mohite, Adv. Mater. 2018,
30, 1703879.

[13] X. Yin, Z. Yao, Q. Luo, X. Dai, Y. Zhou, Y. Zhang, Y. Zhou, S. Luo, J. Li,
N. Wang, ACS Appl. Mater. Inter. 2017, 9, 2439.

[14] W. Chen, Y. Zhou, L. Wang, Y. Wu, B. Tu, B. Yu, F. Liu, H. W. Tam,
G. Wang, A. B. Djurisic, L. Huang, Z. He, Adv. Mater. 2018, 30,
1800515.

[15] H. Zhang, J. Cheng, F. Lin, H. He, J. Mao, K. S. Wong, A. K. Jen,
W. C. Choy, ACS Nano 2015, 10, 1503.

[16] G. Li, Y. Jiang, S. Deng, A. Tam, P. Xu, M. Wong, H. S. Kwok, Adv. Sci.
2017, 4, 1700463.

[17] S. Seo, I. J. Park, M. Kim, S. Lee, C. Bae, H. S. Jung, N. G. Park,
J. Y. Kim, H. Shin, Nanoscale 2016, 8, 11403.

[18] J. H. Park, J. Seo, S. Park, S. S. Shin, Y. C. Kim, N. J. Jeon, H. W. Shin,
T. K. Ahn, J. H. Noh, S. C. Yoon, Adv. Mater. 2015, 27, 4013.

[19] I. J. Park, G. Kang, M. A. Park, J. S. Kim, S. W. Seo, D. H. Kim, K. Zhu,
T. Park, J. Y. Kim, Chemsuschem 2017, 10, 2660.

[20] R. Islam, G. Chen, P. Ramesh, J. Suh, N. Fuchigami, D. Lee,
K. A. Littau, K. Weiner, R. T. Collins, K. C. Saraswat, ACS Appl. Mater.
Inter. 2017, 9, 17201.

[21] Y. Wu, P. Wang, S. Wang, Z. Wang, B. Cai, X. Zheng, Y. Chen,
N. Yuan, J. Ding, W. H. Zhang, ChemSusChem 2018, 11, 837.

[22] Y. Chen, Z. Yang, S. Wang, X. Zheng, Y. Wu, N. Yuan, W. H. Zhang,
S. F. Liu, Adv. Mater. 2018, 30, e1805660.

[23] I. Jeong, H. Jung, M. Park, J. S. Park, H. J. Son, J. Joo, J. Lee, M. J. Ko,
Nano Energy 2016, 28, 380.
Sol. RRL 2019, 3, 1900045 1900045 (1120
[24] L. Zuo, H. Guo, D. W. Dequilettes, S. Jariwala, M. N. De, S. Dong,
R. Deblock, D. S. Ginger, B. Dunn, M. Wang, Sci. Adv. 2017, 3,
e1700106.

[25] R. Azmi, W. T. Hadmojo, S. Sinaga, C.-L. Lee, S. C. Yoon, I. H. Jung,
S.-Y. Jang, Adv. Energy. Mater. 2018, 8, 1701683.

[26] Z.-L. Tseng, L.-C. Chen, C.-H. Chiang, S.-H. Chang, C.-C. Chen, C.-
G. Wu, Sol. Energy 2016, 139, 484.

[27] Q. Jiang, X. Zhang, J. You, Small 2018, 14, 1801154.
[28] Z. Zhai, X. Huang, M. Xu, J. Yuan, J. Peng, W. Ma, Adv. Energy. Mater.

2013, 3, 1614.
[29] F. Wang, G. Sun, C. Li, J. Liu, S. Hu, H. Zheng, Z. Tan, Y. Li, ACS Appl.

Mater. Inter. 2014, 6, 9458.
[30] A. C. Sonavane, A. I. Inamdar, P. S. Shinde, H. P. Deshmukh,

R. S. Patil, P. S. Patil, J. Alloys Compd. 2010, 489, 667.
[31] J. Li, W. Zhao, F. Huang, A. Manivannan, N. Wu, Nanoscale 2011, 3,

5103.
[32] M. Tyagi, M. Tomar, V. Gupta, J. Mater. Res. 2013, 28, 723.
[33] M. S. Wu, H. H. Hsieh, Electrochim. Acta 2008, 53, 3427.
[34] K. Yao, F. Li, Q. He, X. Wang, Y. Jiang, H. Huang, A. K. Y. Jen, Nano

Energy 2017, 40, 155.
[35] S. S. Mali, H. Kim, H. H. Kim, E. S. Sang, K. H. Chang, Mater. Today

2018, 21, 483.
[36] D. Abubakar, N. Mahmoud Ahmed, S. Mahmud, N. Z. Alhazeem, J.

Nano Res 2017, 49, 75.
[37] J. He, E. Bi, W. Tang, Y. Wang, Z. Zhou, X. Yang, H. Chen, L. Han, Sol.

RRL 2018, 2, 1800004.
[38] A. Monshi, M. R. Foroughi, M. R. Monshi, World J. Nano Sci. Eng.

2012, 02, 154.
[39] X. Yin, P. Chen, M. Que, Y. Xing, W. Que, C. Niu, J. Shao, ACS Nano

2016, 10, 3630.
[40] T. Wang, D. Ding, X. Wang, R. Zeng, H. Liu, W. Shen, ACS Omega

2018, 3, 18434.
[41] M. B. Islam, M. Yanagida, Y. Shirai, Y. Nabetani, K. Miyano, ACS

Omega 2017, 2, 2291.
[42] X. Yin, M. Que, Y. Xing, W. Que, J. Mater. Chem. A 2015, 3, 24495.
[43] Y. Wu, F. Xie, C. Han, X. Yang, H. Su, M. Cai, Z. Zhou, T. Noda,

L. Han, Adv. Mater. 2017, 29, 1701073.
[44] C. O’Connell, R. Sherlock, M. D. Ball, B. Aszal�os-Kiss,

U. Prendergast, T. J. Glynn, Appl. Surf. Sci. 2009, 255, 4405.
[45] F. Truica-Marasescu, S. Guimond, P. Jedrzejowski,

M. R. Wertheimer, Nucl. Instrum. Methods Phys. Res. B 2005, 236,
117.

[46] M.-R. Ahmadian-Yazdi, A. Rahimzadeh, Z. Chouqi, Y. Miao,
M. Eslamian, AIP Adv. 2018, 8, 025109.

[47] Y. Miao, P. Du, Z. Wang, Q. Chen, M. Eslamian, Mater. Res. Express
2018, 5, 026404.

[48] J. Zheng, L. Hu, J. S. Yun, M. Zhang, C. F. J. Lau, J. Bing, X. Deng,
Q. Ma, Y. Cho, W. F. Fu, ACS Appl. Energy Mater. 2018, 1, 561.

[49] Y. Guo, X. Yin, J. Liu, W. Chen, S. Wen, M. Que, Y. Tian, Y. Yang,
W. Que, J. Adv. Dielectr. 2018, 08, 1850006.

[50] S. Park, S. Y. Kim, Y. Choi, M. Kim, H. Shin, J. Kim, W. Choi, ACS
Appl. Mater. Inter. 2016, 8, 11189.

[51] J. Cao, H. Yu, S. Zhou,M. Qin, T. K. Lau, X. Lu, N. Zhao, C. P. Wong, J.
Mater. Chem. A 2017, 5, 11071.

[52] S. Mu, D. Wu, Y. Wang, Z. Wu, X. Yang, W. Yang, ACS Appl. Mater.
Inter. 2010, 2, 111.

[53] X. Xu, Y. Yu, Surf. Interface Anal. 2002, 33, 343.
[54] E. L. Ratcliff, J. Meyer, K. X. Steirer, A. Garcia, J. J. Berry, D. S. Ginley,

D. C. Olson, A. Kahn, N. R. Armstrong, Chem. Mater. 2011, 23, 4988.
[55] L. M. Manceriu, P. Colson, A. Maho, G. Eppe, N. D. Nguyen,

C. Labrugere, A. Rougier, R. Cloots, C. Henrist, J. Phys. D: Appl. Phys.
2017, 50, 225501.

[56] X. Yan, J. Zheng, L. L. Zheng, G. Lin, H. Lin, G. Chen, B. Du, F. Zhang,
Mater. Res. Bull. 2018, 103, 150.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 of 12)

https://www.nrel.gov/pv/assets/pdfs/pv-efficiency-chart.20190103.pdf
https://www.nrel.gov/pv/assets/pdfs/pv-efficiency-chart.20190103.pdf
http://www.advancedsciencenews.com
http://www.solar-rrl.com


www.advancedsciencenews.com www.solar-rrl.com
[57] T. Leijtens, S. D. Stranks, G. E. Eperon, R. Lindblad, E. M.
J. Johansson, I. J. Mcpherson, H. Rensmo, J. M. Ball, M. M. Lee,
H. J. Snaith, ACS Nano 2014, 8, 7147.

[58] S. Bag, M. F. Durstock, ACS Appl. Mater. Inter. 2016, 8, 5053.
[59] G. Yang, C. Wang, H. Lei, X. Zheng, P. Qin, L. Xiong, X. Zhao, Y. Yan,

G. Fang, J. Mater. Chem. A 2017, 5, 1658.
[60] W. Ke, G. Fang, J. Wan, T. Hong, Q. Liu, L. Xiong, P. Qin, J. Wang,

H. Lei, G. Yang, Nat. Commun. 2015, 6, 6700.
[61] D. Yang, R. Yang, K. Wang, C. Wu, X. Zhu, J. Feng, X. Ren, G. Fang,

S. Priya, S. F. Liu, Nat. Commun. 2018, 9, 3239.
[62] M. Jones, S. S. Lo, G. D. Scholes, J. Phys. Chem. C 2017, 113,

18632.
[63] M. Wang, B. Li, P. Siffalovic, L.-C. Chen, G. Cao, J. Tian, J. Mater.

Chem. A 2018, 6, 15386.
[64] Z. Q. Huang, X. T. Hu, C. Liu, L. C. Tan, Y. W. Chen, Adv. Funct. Mater.

2017, 27, 1703061.
[65] W. Chen, Y. Wu, Y. Yue, J. Liu, W. Zhang, X. Yang, H. Chen, E. Bi,

I. Ashraful, M. Grätzel, Science 2015, 350, 944.
[66] L. J. Tang, X. Chen, T. Y. Wen, S. Yang, J. J. Zhao, H. W. Qiao, Y. Hou,

H. Yang, Chem. � Eur. J. 2018, 24, 2845.
[67] T. Niu, J. Lu, R. Munir, J. Li, D. Barrit, X. Zhang, H. Hu, Z. Yang,

A. Amassian, K. Zhao, S. F. Liu, Adv. Mater. 2018, 30, 1706576.
[68] A. Huang, L. Lei, J. Zhu, Y. Yu, Y. Liu, S. Yang, S. Bao, X. Cao, P. Jin,

ACS Appl. Mater. Inter. 2017, 9, 2016.
[69] W. E. I. Sha, X. Ren, L. Chen, W. C. H. Choy, Appl. Phys. Lett. 2015,

106, 221104.
[70] P. Lopez-Varo, J. A. Jim�enez-Tejada, M. García-Rosell, S. Ravishankar,

G.Garcia-Belmonte, J. Bisquert,O.Almora,Adv. Energy.Mater.2018,8,
1702772.

[71] X. Zhou, Y. Zhang, W. Kong, M. Hu, L. Zhang, C. Liu, X. Li, C. Pan,
G. Yu, C. Cheng, B. Xu, J. Mater. Chem. A 2018, 6, 3012.

[72] Y. Li, B. Ding, Q. Q. Chu, G. J. Yang, M. Wang, C. X. Li, C. J. Li, Sci.
Rep. 2017, 7, 46141.

[73] T. H. Liu, K. Chen, Q. Hu, R. Zhu, Q. H. Gong, Adv. Energy. Mater.
2016, 6, 1600457.

[74] A. S. Chouhan, N. P. Jasti, S. Avasthi, Mater. Lett. 2018, 221, 150.
Sol. RRL 2019, 3, 1900045 1900045 (112
[75] J. Zhang, H. Luo, W. Xie, X. Lin, X. Hou, J. Zhou, S. Huang,
W. Ou-Yang, Z. Sun, X. Chen, Nanoscale 2018, 10, 5617.

[76] C. Bi, Q. Wang, Y. Shao, Y. Yuan, Z. Xiao, J. Huang, Nat. Commun.
2015, 6, 7747.

[77] Y. Hou, X. Du, S. Scheiner, D. P. McMeekin, Z. Wang, N. Li,
M. S. Killian, H. Chen, M. Richter, I. Levchuk, Science 2017, 358,
1192.

[78] W. Q. Wu, D. Chen, Y. B. Cheng, R. A. Caruso, Sol. RRL 2017, 1,
1700117.

[79] D. H. Kim, J. Park, Z. Li, M. Yang, J. S. Park, I. J. Park, J. Y. Kim,
J. J. Berry, G. Rumbles, K. Zhu, Adv. Mater. 2017, 29, 1606831.

[80] M. M. Tavakoli, S. M. Zakeeruddin, M. Gratzel, Z. Fan, Adv. Mater.
2018, 30, 1705998.

[81] R. Kang, J. S. Yeo, H. J. Lee, S. Lee, M. Kang, N. Myoung, S. Y. Yim,
S. H. Oh, D. Y. Kim, Nano Energy 2016, 27, 175.

[82] D. Yang, R. Yang, J. Zhang, Z. Yang, S. Liu, C. Li, Energ. Environ. Sci.
2015, 8, 3208.

[83] Y. K. Ren, X. Q. Shi, X. H. Ding, J. Zhu, T. Hayat, A. Alsaedi,
L. I. Zhaoqian,X.X.Xu, S. Yang,S.Dai, Inorg.Chem.Front.2017,5, 348.

[84] M. A. Mahmud, N. K. Elumalai, M. B. Upama, D. Wang, K. H. Chan,
M. Wright, C. Xu, F. Haque, A. Uddin, Sol. Energy Mater. Sol. Cells
2017, 159, 251.

[85] L. Yang, M. Wu, F. Cai, P. Wang, R. S. Gurney, D. Liu, J. Xia, T. Wang,
J. Mater. Chem. A 2018, 6, 10379.

[86] W. Tress, A. Merten, M. Furno, M. Hein, K. Leo, M. Riede, Adv.
Energy. Mater. 2013, 3, 631.

[87] L. Wu, H. Zang, Y. C. Hsiao, X. Zhang, B. Hu, Appl. Phys. Lett. 2014,
104, 1300864.

[88] V. N. Bliznyuk, J. Gasiorowski, A. A. Ishchenko, G. V. Bulavko,
M. Rahaman, K. Hingerl, D. R. T. Zahn, N. S. Sariciftci, Appl. Surf. Sci.
2016, 389, 419.

[89] P. Loper, M. Stuckelberger, B. Niesen, J. Werner, M. Filipic,
S. J. Moon, J. H. Yum, M. Topic, S. De Wolf, C. Ballif, J. Phys.
Chem. Lett. 2015, 6, 66.

[90] M. P. deHaas, J. M. Warman, T. D. Anthopoulos, D. M. de Leeuw,
Adv. Funct. Mater 2006, 16, 2274.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 12)1

http://www.advancedsciencenews.com
http://www.solar-rrl.com


1 © 2019 IOP Publishing Ltd Printed in the UK

1. Introduction

In recent years, non-stoichiometric metal oxides such as NiOx 
[1, 2], CuOx [3, 4], WOx [5], MoOx [5, 6], and TiOx [7–9] have 
drawn great interest due to their excellent properties (tunable 
wide band gap, high electron/hole transportability, photo/elec-
trochromic effect and so forth) toward novel optical, electrical 
and photocatalytic devices with high stability and low cost. In 
particular, MoOx is one promising candidate for hole trans-
port layer (HTL) in perovskite solar cells (PSCs) owing to its 

non-toxicity, large band gap and deep electronic state [10, 11]. 
Xiao et al applied MoOx as HTL in p-i-n type PSC with effi-
ciency of 5.9% [6]. Tseng et al treated MoOx with UV-ozone 
to improve the surface coverage of the perovskite layer and 
achieved the efficiency of 13.1% [5]. Moreover, MoOx has 
also received considerable attention for research and develop-
ment in a variety of applications, such as photochromic and 
electrochromic [12–16], gas sensors [17–19], photocatalytic 
[20], lithium ion batteries [21] and light emitting diodes [22].

According to a previous report [23], amorphous MoOx 
film is quite a susceptible material, which means the non-
uniformity and time evolution of its stoichiometry and 
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Abstract
Non-stoichiometric transition metal oxides have received considerable attention because of 
their excellent optical and electrical properties for novel high performance opto-electronic 
devices or photocatalysis, among which MoOx was one promising candidate. However, 
few studies have been focused on its evolution under different controlling parameters and 
ambient conditions. In this work, we report a facile electrochemical method for smooth 
and uniform non-stoichiometric MoOx films, with effective control of the morphology, 
chemical composition and microstructure of molybdenum simply by a few physical/chemical 
parameters. The modification of roughness, crystallinity, oxygen vacancy concentration can 
play an important role in their opto-electronic performances, e.g. in the perovskite solar 
cells. As a result, a conversion efficiency of 9.20% could be obtained by control of oxygen 
vacancies and crystallinity and could be further improved with the change of transparencies. 
Furthermore, its wetting properties could be significantly influenced for further applications, 
especially for fabrication of novel detectors and perovskite solar cells.

Keywords: nonstoichiometric materials, metal oxide, electrochemical fabrication, structural 
and content evolution, physical and chemical manipulation
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microstructure have been quite significant. This could be an 
essential issue both in its fabrication and in its performance 
in devices as a stable element. Up till now, only a few studies 
have been carried out for the correlation between some prop-
erties and the annealing conditions and its consequence, 
however more systematic investigations concerning such 
issues under composite conditions are yet to be carried out 
[24–28]. The aforementioned molybdenum oxide films were 
all prepared via thermal evaporation in vacuum, which has 
significant drawbacks in cost and scalability for large area 
samples. Meanwhile, various chemical synthesis methods 
in liquid phase have also been developed, such as sol-gel 
[29], spray pyrolysis [30], and spin coating [11], which are 
significantly more simple. In those methods, the motion of 
reactive species only relies on thermal diffusions that could 
influence the quality of the formation of layers on substrates. 
To amend that, electrochemical deposition appears to be the 
more likely promising candidate as a cheap and controllable 
technique that could provide effective control of morphology, 
composition as well other properties of the deposit at room 
temperature under ambient conditions [31–34]. In addition, it 
also enables large-area film prep aration without any mechan-
ical instruments [1, 35].

In this work, we report a facile electrochemical method for 
non-stoichiometric metal oxide films with studies of evolution 
of its physical and chemical properties with various param-
eters. A smooth and uniform MoOx could be easily formed 
using cyclic voltammetry (CV) method. Its stoichiometry, 
crystallinity and morphology could be effectively controlled 
by experimental parameters and ambient conditions (UV illu-
mination, annealing time, temperature and atmosphere) so 
as to achieve different physical properties for corresponding 
applications in solar cells and other devices [25]. As a 
result, the p-i-n type PSCs employing the electrochemically 
deposited MoOx as HTL can achieve a power conversion effi-
ciency (PCE) up to 9.20% which could be further raised by 
improvements such as the transparency of light incident side. 
Furthermore, it has also been found that the wetting property 
of this MoOx could be significantly influenced by those condi-
tions, which would be important for its further applications, 
especially for detectors and improvement for the fabrication 
of stable PSCs.

2. Experimental

2.1. Synthesis and modification of MoOx

Firstly, 0.34 M aqueous solution of hexaammonium molyb-
date (NH4)6Mo7O24, 99% Energy Chemical) was prepared 
with deionized water, and then slowly mixed with 20 ml eth-
ylene glycol (99% Sinopharm). The solution was stirred for 
20 min at the rate of 50 to 150 rpm. The FTO-coated glass 
substrates (15 Ω sq−1, Materwin) were sequentially cleaned 
by ultrasonic bath in detergent, deionized water, acetone, iso-
propanol and ethanol for 15 min in each step. These cleaned 
FTO substrates were exposed to UV-ozone treatment for 
20 min. The electrodeposition of MoOx was performed on an 
FTO-coated glass substrate using a standard three-electrode 

electrochemical system with the FTO substrate as the working 
electrode (WE), Ag/AgCl (3 M KCl) as the reference elec-
trode (RE) and platinum foil as the counter electrode (CE). 
The electrodeposition was controlled by an electrochemical 
workstation (CS350, Corrtest) at room temperature in cyclic 
voltammetry (CV) mode, using lower and upper potential 
limits of  −1.2 to  −0.8 V and  −0.5 to 1.0 V, respectively, with 
the number of cycles from 1 to 5. After the deposition, the 
films were washed with deionized water. The annealing was 
carried out in a vacuum crucible furnace (VBF-1200X-H8, 
Hefei Kejing) under different chemical atmospheres. After 
the post-treatments (UV-ozone and annealing under dif-
ferent chemical atmospheres), the substrates were transferred 
quickly into a nitrogen-filled glovebox.

2.2. Characterization of MoOx

A field emission scanning electron microscope (FE-SEM, Zeiss 
Ultra Plus) was applied to observe the surface morphology 
and thickness of the MoOx films on the FTO-coated glass sub-
strates. The chemical state of the samples was analyzed by 
x-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD). 
The XPS spectra were fitted with the Gaussian–Lorentzian 
product using the XPSPEAK41 software package. Their 
microstructure was detected by grazing incidence x-ray dif-
fraction (GIXRD), at the 7.3.3 beamline (10 keV) at advanced 
light source (ALS) of lawrence berkeley national laboratory 
(LBNL). The scattering intensity was detected by a PILATUS 
2M detector and a two-dimensional (2D) area detector was 
employed here to obtain more complete crystal information 
than the diffraction intensity versus 2θ plot. The transmission 
spectra of the thin film samples were measured by ultravi-
olet/visible/near-infrared (UV/VIS/NIR) Spectrophotometer 
(Lamda 950, PerkinElmer). The surface roughness of the 
films was characterized by an atomic force microscope (AFM, 
Innova). The contact angles of water droplets were measured 
on a contact angle measuring system (DSA100, KRUSS) at 
room temperature.

2.3. Assembling PSCs based on MoOx

The fabrication of the perovskite layer was performed in a 
N2 protected glove box. 1.45 M PbI2 (99% Sigma-Aldrich) 
and equimolar MAI (99.5% Materwin) were dissolved in a 
7:3 (v/v) mixture of γ-butyrolactone (GBL, 99.9% Aladdin) 
and dimethyl sulfoxide (DMSO, 99.9% Aladdin) by stirring 
overnight at 60 °C. The perovskite precursor solution was 
spin-coated onto the MoOx film at 1000 rpm for 12 s and then 
at 4000 rpm for 30 s, during which 150 ml toluene was con-
tinuously dripped onto the spinning film. The sample was then 
annealed at 100 °C for 10 min. After cooling down, the [6,6]-
phenyl C61 butyric acid methyl ester (PC61BM, 99% Xi’an 
Polymer light Technology Corp.) film was then deposited 
on the as-formed samples by spin-coating a chlorobenzene 
solution of PC61BM (20 mg ml−1) at 2000 rpm for 60 s and 
desiccation at 70 °C for 10 min. Afterwards, a bathocuproine 
(BCP, 99% Xi’an Polymer light Technology Corp.) layer was 
sequentially deposited on the PC61BM layer by spin-coating 
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an isopropanol solution of BCP (0.5 mg ml−1) at 500 rpm for 
5 s and then at 4000 rpm for 30 s, followed by desiccation at  
70 °C for 10 min. Finally, a 120 nm-thick Ag was thermally 
evaporated on top of the BCP layer of the electrode. The 
active area of the device is 0.25 cm2.

2.4. Characterization of solar cells

The steady-state photoluminescence (PL) was measured by 
a Raman spectrometer (LABRAM HR800, Horiba Jobin 
Yvon system (France)) with excitation at 514.5 nm by an 
argon ion laser. For the PSC devices, the current density–
voltage (J–V) characteristics were measured using a standard 
Solar Simulator (Newport, Oriel Sol-2A) under 1 sun AM 
1.5 illumination. The simulator was calibrated by a standard 
reference Si solar cell (effective area 2  ×  2 cm2, certified by 
VLSI Standards Inc.) before the measurement. All J–V curves 
were scanned from  −0.5 V to 1.5 V. The scanning rate and 
time delay were 0.15 V s−1 and 10 ms, respectively. The 
external quantum efficiency (EQE) spectra were recorded by 
a quantum efficiency/IPCE system (PV Measurements Inc., 
QEX10) in 300–850 nm wavelength range in air.

3. Results and discussion

In conventional electrochemical deposition of metal oxides, 
experiments are normally carried out in acidic or alkaline 
electrolytes, for which a good control of the pH value becomes 
necessary and needs to be successively controlled by titration 
method throughout the process. In this work, we carried out 
the fabrication in hexaammonium molybdate solution and no 
titration was needed. For higher quality of film growth, the 
CV method has been applied and investigated [1, 33, 36, 37]. 
Figure 1(a) shows corresponding I–V curves recorded at the 
sweep rate of 3 mV s-1, 5 mV s−1, and 10 mV s−1, respectively. 
The curves are almost coincident at the rate of 3 mV s−1 and  
10 mV s−1, but the peak of the negative cycle becomes stronger 
at 5 mV s−1. As shown in figures 1(b)–(d), the film thickness 
gradually decreases as the cycle rate increases. However, at 
10 mV s−1, the as-deposited film could not completely cover 
the FTO-coated glass substrate in figure 1(d). Therefore, the 
sweep rate of 5 mV s−1 appeared to be a more suitable con-
dition for deposition. Moreover, we have investigated the 
influence of the lower limit of the potential on the morphology 
of the electrodeposited film. The CV experiments were then 
carried out using a series of lower potential limits of  −1.2, 
−1.0 and  −0.8 V. As shown in figure  1(f), when the lower 
limit potential was  −0.8 V, the reduction current was very low 
and the film could not completely cover the substrate. The film 
became uniform for the lower limit at  −1.0 and  −1.2 V and 
increased with the value of lower limit potential. At  −1.2 V 
in figure 1(h), the film was too thick, which could eventually 
lead to high series resistance and lower transparencies [38]. 
Therefore, the moderate condition (−1.0 to 0.5 V at 5 mV s−1 
for 1 cycle) appears more suitable for p-i-n PSCs in which 
MoOx acts as both HTL and light incident side. The higher 

lower limit in CV method could be used in other fields such 
the photocatalysis, where a longer light path would be more 
important and serial resistance becomes less important.

To qualitatively determine the formation of MoOx, XPS 
measurements have been carried out to confirm the stoichio-
metric composition of the virgin film, in which 284.8 eV of 
C1s orbit has been chosen as the reference binding energy. 
First of all, the full spectrum in figure 1(i) shows the peaks of 
Mo3s, Mo3d, Mo3p, Mo4s, C1s and O1s. Secondly, the high 
resolution XPS spectrum of Mo3d core level peaks is exhib-
ited in figure 1(j). The Mo3d spectrum can be divided into one 
3d doublet in the form of Gaussian function, corresponding to 
the oxidation state of Mo. The fitting peaks located at 235.2 eV 
and 231.9 eV are assigned to the Mo5+ valence state [32, 39], 
then the O1s spectrum is shown in figure 1(k). According to 
previous studies, it is known that the peak at ~530 eV is due 
to the oxide, the one at ~532 eV is attributed to oxygen spe-
cies dissolved in the metal or adsorbed oxygen (such as O−, 
OH−, or H2O) [40]. This result represents the significant exist-
ence of molybdenum Mo5+ valence state in the as-fabricated 
sample. Taking into account the previous characterization, it 
can be confirmed that the as-deposited sample was non-stoi-
chiometric MoOx (x  =  2.5).

In the many applications of non-stoichiometric metal 
oxides, their crystallinity and stoichiometry have always been 
important factors that determine its performance in gas sensors, 
photocatalysis, and photochromic/electrochromic devices and 
so forth [12–14, 18]. As commonly known, amorphous MoOx 
film is quite susceptible to ambient conditions [23]. Therefore, 
we have systematically studied the effects of these conditions 
(UV-ozone, temperature, time and atmosphere) on the MoOx 
film. To investigate the crystallinity of the sample fabricated, 
we have applied 2D GIXRD (incident x-ray angle at 0.3°) for 
the FTO substrate (figure 2(a)), the thin MoOx film obtained 
(figure 2(b)) and the MoOx films after different post-treat-
ments (figures 2(c)–(f)). Figures 2(a) and (b) indicate that the 
as-deposited film was amorphous because no significant dif-
fraction peak of MoOx was detected during q  =  0.5–4.0 A−1. 
The results with UV-ozone (figure 2(c)) show no other sig-
nificant diffraction peak compared to figure 2(a), indicating 
that the corresponding films were still amorphous. However, 
more diffraction peaks can be observed in figures  2(d) and 
(e), for samples annealed in air and oxygen, respectively. In 
figure 2(d), there were broad diffraction peaks related to the 
(0 0 2), (0 4 0) and (0 6 0) crystal planes, while the one related 
to (0 2 0) plane was quite sharp and intense. Since the (0 2 0) 
plane is located close to the qz axis, it indicates that the grains 
in the MoOx film annealed in air had their face-on orientation 
parallel to the surface of the film. As for the case of O2, there 
was observed four diffraction peaks along the Debye rings, 
with their intensity stronger than that in figure 2(d), especially 
the ones at the (0 2 0) and (0 6 0) directions. Surprisingly, 
for the sample annealed in nitrogen (figure 2(f)), there was 
no significant additional diffraction peak discovered, which 
means quite weak crystallization in the MoOx annealed in 
N2. The average grain size of MoOx can be obtained from the 
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Debye-Scherrer equation of D  =  0.89λ/(β cos θ), where β is 
the half-width of the diffraction peak, λ is the wavelength of 
the x-ray and θ is the diffraction angle [41]. The β for the 
samples annealed in air and oxygen atmospheres are 0.0037 
and 0.0025 rad, respectively. Therefore the average crystalline 
sizes for MoOx annealed in air and oxygen are around 37 and 
55 nm, respectively. According to the experimental observa-
tions of Andreas et  al, peaks at 12.76°, 25.70°, and 38.98° 
indicate formation of α-MoO3, consistent with the positions 
shown in figure S4 in the supplementary information (stacks.
iop.org/JMM/29/065012/mmedia) [42].

The stoichiometry of the post-treated samples was char-
acterized by high resolution XPS, as shown in figure  3. 
The Mo3d spectra contained only one 3d doublet located at 
236.3 eV, 233.2 eV (figure 3(a)), 236.0 eV, 232.8 eV (figure 
3(b)), and 236.3 eV, 233.2 eV (figure 3(c)) that are all related 
to Mo6+ [39, 43]. The MoOx has seemly completely turned 
into MoO3 by UV-ozone and annealing processes in air or O2, 
with the Mo5+ all being oxidized to Mo6+. For the MoOx film 
annealed in nitrogen atmosphere, there are two 3d doublets 
in the form of a Gaussian function as shown in figure 3(d). 
The ones centered at 236 eV and 232.8 eV are the typical dou-
blet of Mo6+, while the other ones centered at 234.6 eV and 
231.9 eV are the typical doublet of Mo5+ [31, 43]. Assuming 
the ratio of the quantity of Mo5+/Mo6+ (calculated from the 
ratio of integrated peak area) is k, it can be easily calculated 
that x  =  2.5  +  (2k  +  2)−1. In this situation, the ratio of Mo5+/
Mo6+ is 0.77, which means x  =  2.78.

Beside direct characterizations, it is important to study 
opto-electronic properties of the MoOx samples before 
being integrated with different materials in devices. Firstly, 
the UV–vis transmission spectra of various MoOx films 
have been studied and illustrated in figure 3(e). It is clearly 
observed that the untreated film has shown quite high trans-
parency in the region from 350 to 800 nm, which is important 
to avoid the parasitic absorption loss of perovskite. When the 
molybdenum oxide films were subjected to different post-
treatments, the transmittance shows no substantial change. 
However, the transmittance of the film annealed in a nitrogen 
atmosphere was lower (figure S3). Such a change might be 
attributed to the content of oxygen vacancies in the films, 
according to some previous report [13]. Furthermore, we 
can deduce the bandgap information from the transmittance 
measurement. According to Lee et al, MoO3 is a wide, indi-
rect bandgap semiconductor [26]. The optical band-gap (Eg) 
of the samples can be calculated from the equation αhν  =  A 
(hν  −  Eg) 1/2 [43], where A is the proportionality constant, 
α is the absorption coefficient and hν is the photon energy. 
As shown in figure 3(f), taking hν as the horizontal axis and 
αhν as the vertical axis, Eg can be estimated by extrapolating 
the linear portion of the curve to zero absorption. The Eg of 
the MoOx films was estimated to be 3.31 eV, 3.90 eV, 3.89 eV, 
3.88 eV and 3.85 eV for the samples unprocessed, treated 
with UV-ozone, annealed in air, O2 and N2, respectively. In 
general, the Eg of the post-treated films were all significantly 
larger than the original one. Such increase of Eg may be due 

Figure 1. MoOx fabricated under different electrochemical conditions: (a) cyclic voltammetry curves with different sweep rate; (b)–(d) top 
view and (b′)–(d′) cross-sectional SEM images of the deposits at: (b) and (b′) 3 mV s−1; (c) and (c′), 5 mV s−1; (d) and (d′) 10 mV s−1; (e) 
cyclic voltammetry curves with different lower potential limit; (f)–(h) top view and (f′)–(h′) cross-sectional SEM images of the deposits 
with the lower limit at: (f) and (f′)  −0.8 V; (h) and (h′)  −1.0 V; (h) and (h′)  −1.2 V; (i)–(k) XPS spectra of the deposits: (i) full spectrum; (j) 
Mo3d; (k) O1s.
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to the decrease of oxygen vacancies that could restrain excess 
electron generation [27, 28].

To investigate the application of the electrochemical MoOx 
films in real devices, we have attempted to apply these MoOx 
in the p-i-n type planar hybrid PSCs based on the structure of 
FTO/MoOx/MAPbI3/PC61BM/BCP/Ag. Figure 4(a) shows the 
top-view SEM image of the perovskite film deposited on MoOx 
film. The MAPbI3 film exhibits a homogeneous and pin-hole 
free morphology and large grain size, which were propitious 
to reduce the electron–hole recombination. PL measurements 
were performed to investigate charge carrier extraction capa-
bility of the MoOx with different post-processing. As shown in 
figure 4(b), the peaks centered at 754, 741, 775, 772, 762 nm 
are corresponding to samples untreated, treated by UV-ozone, 
annealed in air, oxygen, and nitrogen, respectively. There was 
a redshift for the annealed samples, which could possibly be 
attributed to the crystallization in the MoOx films. Moreover, 
the annealing atmosphere has also affected the intensity of 
this feature. The samples treated in oxygen atmosphere show 
the most intense peak intensity, while the ones treated in air 
show significantly weaker peaks. The lowest PL intensity was 
found for MoOx films annealed in nitrogen atmosphere. The 
MoOx films annealed in nitrogen atmosphere exhibited more 
efficient PL quenching, which could be advantageous for 
the function of HTLs in PSCs. Noticeably, the N2 annealed 
samples have the smallest redshift of PL peak, indicating a 

lower level of crystallization than the sample annealed under 
O2, which was to some degree related to the previous GIXRD 
measurement.

The configuration of the entire PSC device is illustrated 
in figure  4(c), with a 35 nm thick MoOx, 300 nm thick per-
ovskite, 80 nm thick PC61BM/BCP and 120 nm thick silver 
electrode. The J–V curves of the best solar cells are shown in 
the same figure  (detailed photovoltaic characteristics can be 
found in table S1). Apparently, the performance of the solar 
cells is strongly dependent on different post-treatments of the 
MoOx HTL. The assembled p-i-n PSC with untreated MoOx 
HTL shows quite low performance, with a poor efficiency of 
only 0.04%, with VOC  =  0.34 V, JSC  =  0.78 mA cm−2 and 
FF  =  0.16. The devices based on air annealing MoOx film 
obtain a PCE of 1.06% with VOC  =  0.82 V, JSC  =  2.52 mA 
cm−2 and FF  =  0.51, while for the MoOx film annealing in 
O2, the values are η  =  1.92% with VOC  =  0.70 V, JSC 5.47 
mA cm−2 and FF  =  0.49. Noticeably, the highest efficiency of 
4.49% (with VOC  =  0.94 V, JSC  =  7.77 mA cm−2, FF  =  0. 61) 
was achieved under N2 atmosphere. The presence of oxygen 
vacancies plays a key role in generating positively charged 
structural defects in the band gap and transporting carriers, 
and compared to the stoichiometric MoO3, the devices using 
non-stoichiometric MoOx display a good performance [26, 
44]. In the meantime, too high oxygen vacancy concentration 
might also be a problem due to possible semiconductor-
metal transition, and eventually lead to device failure [26]. 
According to this, the main origin for the distinctive perfor-
mance of PSCs by annealing with N2 and O2 atmosphere is the 
amount of oxygen vacancies and complete absence of oxygen 
vacancies (according to previous calculation for figure  3) 
under these two conditions, respectively. The annealing under 
air atmosphere can generated a smaller quantity of oxygen 
vacancies than that under O2 atmosphere (though it may not 
being significantly detected in XPS due to its sensitivity limi-
tation), which has induced higher performance of PSCs. More 
interestingly, combining both the PL and GIXRD results, it 
can be seen that the highest performance in PSCs was with 
the lowest level of crystallization by annealing with N2. Work 
from other researchers have reported good performance of 
cells with amorphous substrate as well [11]. Nevertheless, the 
mechanism of this phenomenon—why less crystallinity and 
better performance manifests under N2—still needs further 
investigation, for example theoretical calculations.

The influence of temperature and time on the PSCs was 
studied further with nitrogen atmosphere annealing toward 
better optimization for the device performance, as shown 
in figure  4(d) (detailed performance data can be found in 
table S2). For the temperature, VOC, JSC, FF and PCE were 
all significantly increased with the increasing of the annealing 
temperature from 250 °C to 300 °C. However, when the 
temperature was higher than 300 °C, the efficiency began 
to significantly decrease with a considerable decrease of the 
Rsh, which could be due to the great enhancement of inho-
mogeneity of the film under such a high temperature (can 
be referred from the SEM image in figure S5(a)). The PCE 
gradually increased with the annealing time increasing from 
60 min to 210 min, and then began to decrease after 210 min, 

Figure 2. 2D-GIXRD patterns for different samples: (a) The FTO 
substrate, (b) MoOx film deposited on FTO, and MoOx films treated 
under different conditions: (c) UV-ozone, 20 min; (d) annealing in 
air at 300 °C, 120 min; (e) annealing in O2 at 300 °C, 120 min; (f) 
annealing in N2 at 300 °C, 120 min.
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which could also be due to the inhomogeneity of the film as 
shown in figure S5(b). Therefore, as shown in figure 4(d), con-
ditions around 300 °C and 210 min would be more suitable for 
a better performance of the MoOx in the PSCs.

Up till now, the performance of the MoOx in PSCs 
appeared to be low compared to previous methods. According 
to the principle of the reaction, bubbles of hydrogen can 
be generated during the electrochemical reactions, so 
mechanical stirring is another favorable factor for further 

optimization [45]. Hence, we have carried out the fabrication 
with different mechanical stirring rates using the optimized 
annealing condition. As indicated in figure 5, the performance 
of the PSCs was significantly improved by the application 
of stirring. The PCE reached 7.70% (with VOC  =  0.89 V,  
JSC  =  12.04 mA cm−2 and FF  =  0.72) at 50 rpm and became 
gradually higher at 100 rpm (η  =  9.20%, VOC  =  0.91 V, 
JSC  =  14.27 mA cm−2, and FF  =  0.71). As the stirring speed 
was further increased to 150 rpm, the device performance 

Figure 3. Chemical and optical characterization of MoOx under different conditions: (a) UV-ozone, 20 min; (b) annealing in air at 300 °C, 
120 min; (c) annealing in O2 at 300 °C, 120 min; (d) annealing in N2 at 300 °C, 120 min; (e) the transmittance of the MoOx films treated 
under different conditions; f) Tauc plots of MoOx films for calculation of Eg.

Figure 4. Characteristics of perovskite solar cells: (a) top-view SEM image of the perovskite film deposited on MoOx film; (b) PL of 
samples under different conditions; (c) J–V curves of the PSCs with MoOx HTL under different conditions, with the inset showing the 
cross-sectional view of the cell structure; (d) efficiency profile of different annealing temperatures and times in a nitrogen atmosphere.
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began to slightly decrease, which indicated that too high a stir-
ring rate might influence the ionic current so that the stability 
of deposition deteriorates. The corresponding EQE spectra are 
shown in figure 5(b), including the integrated current densities 
as a function of wavelength. All the devices have exhibited 
a strong response in a broad range from 400 to 750 nm, and 
the EQE of the sample at 100 rpm exceeded other devices 
within the entire region. In addition, the JSC values calculated 
from the EQE curves were 18.47, 22.11 and 17.07 mA cm−2 
at stirring rates of 50, 100 and 150 rpm, respectively, which 
is consistent with the variation of the J–V curve. As can be 
observed, the FF was significantly improved, which means the 
quite good conductivity of the as-fabricated MoOx film, which 
is also important for its application in devices other than solar 
cells. The main reason why the efficiency of those cells was 
still lower than the commonly known PSCs is most likely due 
to the low transparency of the electrochemically fabricated 
MoOx (as can be seen in figure S3). Nevertheless, the electro-
chemically fabricated MoOx has shown significant feasibility 
and facile controllability for devices in practice, yet can still 
be improved by the enhancement of transparency by doping 
when being adapted for optical components.

According to above results and previous reports, MoOx has 
been quite susceptible to ambient conditions, and as widely 
recognized in practice, the combination of the layer with 
other materials has always been important for real devices. 
Therefore, it will also be important to study any macroscopic 
changes of the surface situation that could be induced by 
previous experiments. We have therefore carried out meas-
urement of the contact angles of the samples under different 
conditions. As shown in figure  6, significant changes have 
taken place after the treatments. In general, all the contact 
angles have been reduced after annealing. Among those 
results, the final contact angle was the lowest in air, a mixture 
of N2 and O2, and highest in pure N2. Such variation could be 
due to the composite effect of oxygen vacancies and morph-
ology change due to nucleation [46, 47]. On the one hand, 
the formation of oxygen vacancies can result in lattice relax-
ation and a decrease of surface tension, which explains the 
relatively higher contact angle under N2 compared to O2 and 
air cases. On the other hand, more heterogeneous nucleation 
(as shown in figure S3) can occur because of the formation 
of fewer oxygen vacancies in air than under pure O2, which 

induces a rougher surface compared with oxygen conditions 
and therefore the lowest contact angle. The variation of the 
contact angle was seemly consistent with the performance 
of MoOx in the PSCs, as indicated in figure 4. This could be 
understood by the correlation of the wettability of MoOx and 
the grain morphology of perovskite. According to the litera-
ture, the wettability of DMF droplets is similar with water on 
the MoOx surface [48]. A larger contact angle enables faster 
diffusion of the droplets and less drag force to the precursors 
so that less heterogeneous nucleation is induced. Moreover, as 
shown in figure 5(e), the UV-ozone treatment induces a very 
small contact angle, which could be a deteriorating factor for 
the formation of the perovskite layer in PSCs. Nevertheless, 
such a low contact angle could be beneficial for other devices 
such as gas sensors or photocatalytic devices based on MoOx.

4. Conclusion

To summarize, we have fabricated the MoOx material using a 
controllable electrochemical method and have systematically 
investigated its evolution of stoichiometry, morphology and 

Figure 5. Effect of mechanical stirring on the performance of MoOx in PSCs: (a) J–V curves of the optimized perovskite solar cells with 
MoOx HTL at different stirring rate; (b) corresponding EQE of the optimized perovskite solar cells.

Figure 6. Wettability of MoOx HTLs under different conditions, 
tested with water: a) untreated; (b) annealing in air at 300 °C, 
120 min; (c) annealing in O2 at 300 °C, 120 min; (d) annealing in N2 
at 300 °C, 120 min; (e) UV-ozone, 20 min.
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microstructure under different conditions (electrochemical 
parameters, annealing, chemical atmosphere, UV radiation, 
etc) for the first time. It can be seen that the oxygen vacancies 
can be effectively controlled by these conditions, to achieve 
the highest efficiency so far of 9.20%, and to influence the per-
formance of MoOx after integration into devices such as PSCs. 
Interestingly, the highest performance was obtained with 
the fewest oxygen vacancies by annealing under N2 where 
the crystallization of MoOx was not seemly very complete 
according to its characterization as well as its transparency. 
This suggests the dominant importance of the oxygen vacancy 
control in the application of MoOx material. Further improve-
ment is hopefully expected to enhance further understanding 
of the detailed mechanisms for future research. Furthermore, 
the variation of conditions has significantly influenced the 
wettability of the MoOx film with the variation of the contact 
angle quite consistent with the results in corresponding solar 
cell performance, which has seemly been attributed to the 
cooperation of the oxygen vacancies and nucleation under dif-
ferent conditions. This work will hopefully provide ideas for 
other transition metal oxides such as NiOx, CuOx, etc, the pho-
toelectric properties can be further improved by performing 
different post-treatments to achieve higher conversion effi-
ciency of cells.
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Broadband THz to NIR up-converter for photon-
type THz imaging
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High performance terahertz imaging devices have drawn wide attention due to their sig-

nificant application in healthcare, security of food and medicine, and nondestructive

inspection, as well as national security applications. Here we demonstrate a broadband

terahertz photon-type up-conversion imaging device, operating around the liquid helium

temperature, based on the gallium arsenide homojunction interfacial workfunction internal

photoemission (HIWIP)-detector-LED up-converter and silicon CCD. Such an imaging device

achieves broadband response in 4.2–20 THz and can absorb the normal incident light. The

peak responsivity is 0.5 AW−1. The light emitting diode leads to a 72.5% external quantum

efficiency improvement compared with the one widely used in conventional up-conversion

devices. A peak up-conversion efficiency of 1.14 × 10−2 is realized and the optimal noise

equivalent power is 29.1 pWHz−1/2. The up-conversion imaging for a 1000 K blackbody pin-

hole is demonstrated. This work provides a different imaging scheme in the terahertz band.
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Terahertz (THz) imaging devices have attracted more
attention and been intensively explored during the last two
decades thanks to its numerous applications in healthcare,

security of food and medicine, nondestructive inspection, scien-
tific research, as well as national security application1–6. The
imaging can be realized in pixel-based array imaging (e.g., linear
array and focal plane array (FPA)) and the pixelless imaging
mode. At present, FPA is still the most often used type.
The standard planar hybrid architecture, commonly used in

near and mid-infrared FPA, is also expected to extend to THz
region7. After years of development, the uncooled operated and
low noise equivalent power (NEP) a-Si and VOx micro-bolometer
commercial THz imaging cameras were realized by CEA-Leti and
INO8. However, the performance of thermal detector is limited by
a tradeoff between speed and sensitivity in many applications9.
To acquire higher sensitivity, the frame rate for the commercial
THz cameras is only 25 Hz and 50 Hz from CEA-Leti and INO,
respectively10,11. This rate is enough for real time imaging but far
away from the application of high speed detection. In addition,
the response range of the reported micro-bolometer based THz
cameras is 0.1–4 THz, which may be not broad enough for more
high frequency application. FET (field effect transistor)-based
THz direct detection may be another promising way to realize
THz imaging8. The biggest advantage of this kind of detector
is that the fabrication process is totally compatible to the low-cost
standard silicon microelectronics processes technology. Similar to
micro-bolometers, FETs are also not broadband and fast enough.
Ge-based long wavelength infrared (LWIR) FPA has been widely
used in astronomy and cosmological observations9. However, its
performance is rarely improved in recent years.
Gallium Arsenide (GaAs)-based photon-type FPAs (quantum

well photodetector (QWP)-FPA) have a great success and
achievement in mid-infrared and far-infrared region due to its
advantages of high detection sensitivity, fast response speed, wide
response range, as well as high damage threshold12,13. As an
extension of the traditional infrared (IR) QWPs to the THz fre-
quency, the realization of the THz QWP FPA is not easy as
expected13,14. Firstly, for the relative longer wavelength detection,
the optical coupling structure is hard to design for imaging
application in THz region15,16. Furthermore, owing to the low
activation energy (~10 meV), THz QWPs must be operated at
low temperature (<20 K)17. The connection of hybrid GaAs-based
FPA-readout integrated circuit (ROIC) imaging device will be
destroyed by repeated heating and cooling because of the severe
thermal mismatch between the GaAs and Si. The dead pixels
increase with the temperature decreasing18.
Pixelless imaging based on the semiconductor up-conversion

technique has attracted tremendous research effort and made
great progress at near-infrared19–21 and mid-infrared22–24 region
in past 20 years. This technique makes use of an entire large size
of device cell to image directly. There is no separate pixel element
at all in optical receiving terminal part, which simplifies the
fabrication process significantly. The entire image is transmitted
in the detector, then is restored by light emitting diodes (LED)
and is finally ‘seen’ by a Si charge coupled device (CCD). The
greatest advantage of such pixelless imaging is that no ROIC is
required. Therefore, it solves the failure of Si-ROIC at low tem-
perature naturally, which is a critical problem for many THz FPA
imaging devices. And the cost would be greatly reduced at the
same time. THz pixelless imaging based on the integrated QWP
and LED is recently demonstrated to exhibit a promising appli-
cation potential18. However, the 45° edge coupled geometry was
adopted to realize the optical coupling, which caused the imaging
spot of the quantum cascade laser (QCL) elongated in one
direction. A possible solution is using the grating geometry to
realize the normal incidence, but the design and fabrication of the

grating is a great challenge for THz QWP-LED. In addition, the
wavelength dependence of diffraction makes the grating coupler
unsuitable for broadband or multicolor detection. Therefore, this
QWP-LED pixelless imaging device is far from optimization.
In this work, a novel THz up-conversion device is realized,

which is based on the integrated p-type GaAs homojunction
interfacial workfunction internal photoemission (HIWIP) detec-
tor and LED for pixelless imaging25,26. The choice of a HIWIP
detector allows normal incidence excitation thus bypassing the
need for a grating coupler required for n-QWIP-LED device27. In
addition, the HIWIP-LED up-converter shows a broadband
photoresponse (4.2–20 THz) in contrast to the QWP-LED, which
makes it general enough to be applied in more situations. Both
the HIWIP detector part and the LED part in the integrated
device were measured and shown high performance. Then, a
blackbody and a quantum cascade laser are up-converted to a
near-IR image and signal separately. Finally, the modulation
transfer function (MTF), the factor of signal to noise (FSNR)
together with the noise equivalent power (NEP) are used to
evaluate the pixelless imaging quality of the HIWIP-LED device.
This work provides a new imaging scheme in terahertz band.

Results
Device structure and I–V characterization. The schematic
structure of HIWIP-LED up-converter is shown in Fig. 1a. It is
composed of a p-type GaAs HIWIP detector and a specially
designed LED for low temperature, i.e. GaAs/AlGaAs double
heterojunction LED inserted with InGaAs quantum well
(AlGaAs/GaAs/InGaAs LED). The detailed parameters of the up-
converter can be found in the Method section and Supplementary
Note 5 (Supplementary Table 1). It also should be pointed that
the connection layer between the HIWIP detector and the LED is
intrinsic GaAs/AlGaAs layer without any doping, aiming to
decrease the lateral diffusion of the photo-induced carriers and
then avoid the image distortion28. Just like most of the other
semiconductor up-conversion device, the HIWIP-LED device is a
two terminal device, which means that we cannot adjust the bias
voltage applied to the HIWIP part and the LED part separately29.
The HIWIP-LED device could be seen as an up-converter in
which a photoconductor connects in series with an LED. At a
specific temperature, the influence of the HIWIP on the LED is
only the change of the series resistance. When the HIWIP
operating, photons at the THz band were absorbed by HIWIP
detector first and transformed into photo-current under forward
bias. The photon-generated carriers migrating to the active region
of the LED recombine and emit in the near IR or the visible
spectrum falling into the Si-CCD response rang. The extra energy
for this up-conversion process is from the applied electric field.
The corresponding band diagram in Fig. 1b indicates the

microscopic working mechanism of the up-conversion process.
Free carrier absorption of the THz radiation occurs in the highly
doped emitter layers followed by the internal photoemission of
photo-excited carriers crossing the interfacial barrier under
forward bias. Then the photo-excited carriers are injected into
the active region of the LED, recombine and emit the near IR
photons which are detected by the Si-CCD.
Figure 1c shows the I–V characteristic (with 300 K background

radiation) of the up-converter at different temperatures. The I–V
curves of the up-converter exhibit a turn-on behavior due to the
diode structure in the LED30. This behavior requires the up-
converter operates with the bias voltage higher than 1.4 V at the
temperature below 20 K to ensure both the HIWIP part and LED
part work under the optimum voltage and low background
current. The dark current characteristic of the up-converter is
given in Supplementary Note 1.
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Performance of the HIWIP. The photocurrent spectrum at 3.5 K
of the up-converter at different bias voltages is shown in Fig. 2a.
This spectrum is identical with that of a single HIWIP detector if
the threshold voltage is taken into account (the actual bias applied
differs by 1.2 V)27. The spectrum shows a broadband photo-
response from 150–680 cm−1 (4.2–20 THz) and the peak position
is at ~18 THz. The deep valley between 270 and 300 cm−1

is corresponding to the transverse optical phonon energy in GaAs
(Reststrahlen band).
The spectral response also shows a strong bias dependence,

which increases significantly with increasing bias. However, the
bias could not be increased infinitely as the dark current also
increases with bias. The background in Fig. 2a means that there is
no any photo-response when the bias voltage is below the
threshold. The small valleys at the range from 300 cm−1 to 680
cm−1 are associated with the multiple phonons31.

The responsivity R of the up-converter exhibits an evident
turn-on behavior that its value becomes valid when the bias
voltage is greater than 1.4 V. This phenomenon is particularly

evident in the mapping results of the R (as shown in Fig. 2b). The
mapping results at 3.5 K give us much more intuitive view of the
dependence of the R on the bias voltage and wavenumber (or
frequency). It’s obvious that the responsivity reaches the
maximum (~0.5 AW−1) under the bias of 1.9 V at 18 THz.

Performance of the LED. In the near-IR and mid-IR up-con-
verters, double heterojunction GaAs/AlGaAs LED is usually used,
which shows high quantum efficiency and a satisfactory effect.
However, for the up-converter operated at low temperatures, such
kind of LED may be not the best choice. We should adopt a LED
specially designed for low temperature. The LED structure is an i-
Al0.2Ga0.98As/GaAs/n-AlxGa1−xAs double heterojunction struc-
ture with a 9 nm intrinsic In0.1Ga0.9As quantum well insert in the
center of the GaAs. The emission spectra of the LED part of up-
converter at 4.5 K is displayed in Fig. 3a. There are three lumi-
nescence peaks at 833 nm (peak 1), 873 nm (peak 2), and 889 nm
(peak 3), respectively. All of the luminescence peaks rise with the
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increasing of the driving current and the peak 3 presents a blue-
shift effect. This blue-shift behavior is firstly observed in InGaAs
quantum well LED, and similar effect exists in the GaAs diodes
laser and InGaN/AlGaN double heterostructure LED, which is
known as the band filling effect32,33. It should be noted that the
luminescence from the intrinsic recombination of the GaAs
material is at the wavelength of 816 nm (corresponding to the
GaAs bandgap of 1.519 eV). The three peaks shown in Fig. 3a are
all above the wavelength of 816 nm, which indicates the three
luminescence peaks are all originated from the InGaAs quantum
well.
To better understand the luminescent property of the InGaAs

quantum well LED, the band structure of the In0.1Ga0.9As/GaAs
quantum well is calculated by self-consistent solving the
Schrodinger equation34. The plane wave expansion (PWE)
method is used for accurate calculation and the lattice mismatch
caused strain and bias caused Stark shift are neglected. The
detailed calculation is given in the Supplementary Note 3.
Due to adequate consideration about the complexity of the

valence band, the self-consistent solution of the calculation agrees
well with experiment results. The peak 3 (889 nm) is due to the
first conduction-subband to the first heavy hole subband
transition (C1→HH1(885.79 nm), the peak 2 (873 nm) is resulted
from the first conduction-subband to the first light hole subband
transition (C1→LH1(876.88 nm) and the peak 1 (833 nm)
originates from the second conduction-subband to the second
heavy hole subband transition (C2→HH2(838.97 nm), respec-
tively (as shown in Fig. 3b). The calculated result could also
explain the injection current dependent luminescence intensity in
Fig. 3a. With a low-level injection current, the C1→HH1

transition dominates the luminescence and the peak 3 shows a

stronger signal than the others. As the increasing of the injection
current, the band filling effect occurs and the luminescence of
peak 3 tends to saturation. Meanwhile, the intensity of peak 2
increases as the increasing of the injection current. The transition
probability of C2→HH2 is much less than the other two
transitions because most of the injection carriers occupy the
ground state first.
Since the device usually works at low temperatures (<20 K), we

pay more attention to the performance of LED at low
temperatures. The external quantum efficiency (EQE) at the
temperatures below 20 K are presented in the Fig. 3c. It is obvious
that the EQE at different temperature is almost the same, which
benefits from the significant non-radiative recombination sup-
pression of the present LED. The EQE increases quickly when the
injection current density is higher than 0.001 Acm−2. This
behavior associates with the turn-on behavior of the HWIP-
LED device. The external efficiency reached its maximum
from 0.1 Acm−2 to 1 Acm−2, which is a trade-off result of the
radiative recombination, non-radiative recombination and injec-
tion efficiency35. When the injection current density is higher
than 1 Acm−2, the EQE displays efficiency drop, which is mainly
caused by the severe non-radiative recombination and the carrier
overflow. The corresponding maximum internal quantum
efficiencies (ηi) of the LED are all above 95% at the temperatures
below 20 K. The calculation of internal quantum efficiency is
presented in the Supplementary Note 3. Neglecting the influence
of temperature, the calculated light extraction efficiency (LEE) is
about 2.4% from the relation of ηLED ¼ ηi � LEE � hν=e by
numerically solving the rate equation36. At very low tempera-
tures, the peak up-conversion efficiency ηup= 1.14 × 10−2 is
thereout obtained at 18 THz under 1.9 V in terms of
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ηup ¼ R � ηi � LEE � hν=e, which will be much larger as the bias
increases.
To better understand the superiority of the LED structure

specially designed in this study, two independent LED devices
were fabricated. The external quantum efficiency of two LED
samples as a function of the injected current density at the
temperature below 100 K is shown in Fig. 3d. LED #2 has the
same quantum well structure as the LED part in HIWIP-LED
devices. LED #1 is the ordinary double hetero-junction GaAs/
AlGaAs LED, which was widely used in previous up-conversion
devices20. Apparently, LED #2 is better than LED #1 at low
temperatures. The average external quantum efficiency of the
LED #2 is about 72.5% higher than that of LED #1. The high
efficiency of the quantum well LED is mainly due to the
In0.1Ga0.9As quantum well structure. This kind of LED structure
can improve the carrier injection efficiency and confine more
carriers into the In0.1Ga0.9As quantum well, thereby promoting
the radiation recombination efficiency. More importantly, the
greatest advantage of the In0.1Ga0.9As well is that the emitted light
is not absorbed by any other layers again23. This characteristic
could not only improve the emitting efficiency, but also improve
the imaging quality.

Optical up-conversion and pixelless imaging. The optical setup
of the up-conversion pixelless imaging is presented in Fig. 4a.
Radiation from the blackbody or QCL is collimated and focused
by a pair of off-axis parabolic mirrors. The focal length of the off-
axis parabolic mirror is 10 cm and the distance of the two off-axis
parabolic mirrors is 25 cm. The HIWIP-LED sample is placed at
the focal position in the liquid helium cryostat. The front window
of the cryostat is high density polythene to avoid the near-
infrared or visible radiation influence. Whereas the rear window
is quartz window to allow the transmission of the near-infrared

emission light. The emitted image from the backside of the up-
converter is detected by a Si CCD camera. The CCD is set very
close to the window of the cryostat and the distance between the
HIWIP-LED and the lens of the CCD camera is about 6 cm.
The focal point of the CCD is adjusted align to the position of the
HIWIP-LED when measured. Figure 4b displays the up-
converted image of the 0.025-inch-hole blackbody source
(1000 K) at 1.8 V and 1.9 V, respectively. IR off and IR on means
the blackbody source illumination is turned off and on.
In order to obtain the target image, the LED emission originate

from the background current is subtracted, just like the method
used in many imaging devices such as conventional FPA22–24. It’s
clear that there is an obvious circle image in the background
corrected picture. The image at 1.9 V is better than that at 1.8 V.
The corresponding CCD net count are also given in Fig. 4b to
reveal the signal strength. The dark or bright spots on the picture
is known as the LED emission hot spot at low temperatures with
low injection level37. The present image is not a perfect circle
because the actual effective area of the device is 700 × 700 μm2 by
deducting the top ring electrode, which is only a little larger than
the diameter of the blackbody source hole (635 μm).

A home-made monochromatic QCL source with a lasing
frequency of 4.26 THz is also used to measure the up-conversion
performance. The peak continuous wave lasing power of the QCL
is about 3 mW with the injection current of 0.7 A. The
characteristics of the QCL are presented in the Supplementary
Note 2. The induced net photocurrent and LED emitted up-
converted power (i.e., the background was subtracted) are shown
in Fig. 4c. There exists an apparent photocurrent in the device
even though the laser frequency is close to the cutoff frequency of
the HIWIP detector (Fig. 2a) where the responsivity is extremely
low (<0.001 AW−1). The net photocurrent and emitted power
increase suddenly at about 1.7 V. The luminescence between 1.4
V to 1.7 V (at low temperature and low driving current) is caused
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by the hot spot in the device. The hot spot is caused by the
material defects or surface imperfections37. Meanwhile, normal
LED luminescence (not caused by hot spot) happens between
1.74–2.5 V, which agrees with Fig. 4d, where the I–V character-
istic with 300 K background radiation and the corresponding
differential resistance at 3.5 K is given. Figure 4c, d indicate a
proper operation bias window of 1.74–2.5 V. In this region, the
response in the HIWIP part is high (high photocurrent and
thereby the low differential resistance) and the current resulted
from the background is also suppressed within an acceptable
range. It should be noted that both the photocurrent and up-
conversion induced LED power get to a much higher value at
high bias, which is due to the high electrical field induced impact
ionization38 and hot carrier injection effect39.

Evaluation of imaging quality. The advantage of the HIWIP-
LED device is high broadband photoresponse and it allows nor-
mal incidence absorption of the light benefiting from the detec-
tion mechanism of the HIWIP detector. These features make it
promising to realize a broadband pixelless imaging device. For a
typical imaging device, the spatial resolution, signal-to-noise ratio
and NEP are important for practical application.
The modulation transfer function (MTF) is employed to

evaluate the image conversion characteristics of the HIWIP-LED
up-converter28, which represents the ratio of the image contrast
to the object contrast:

MTF fð Þ ¼ pc exp �4π2l2f 2ð Þ
´ 1� 1�pcð ÞN exp �4π2 l2f 2Nð Þ

1� 1�pcð Þ exp �4π2 l2f 2ð Þ

´ 1�σηi α1=α2ð Þ
1þ4π2 l2d f 2�σηi α1α2= α22þ4π2f 2ð Þ½ � :

Where pc is the capture probability of holes in the GaAs emitter
layers, l is characteristic diffusion length of emitter layer, N is the
period number of the emitter/intrinsic layers, ld is the diffusion
length of carriers in the LED active layer, σ is the fraction of the
NIR photons trapped in the LED due to the total internal
reflection, ηi is the internal quantum efficiency of the LED, α1 and
α2 represent the effective absorption coefficient of the active layer
and the average the absorption coefficient of LED28. f is the
spatial frequency. An object can be looked upon as the spatial
distribution of the intensity and color of light. If it is considered
to be composed of lines of various pitches in various directions,
the spatial frequency f reflects the characteristics of this
distribution and is the reciprocal of structural size with a unit
of line pairs per millimeter (lp/mm). Due to the limitation of the
diffraction limit, for an imaging system with specific wavelength
(λ), images with spatial frequencies greater than fλ cannot be
resolved, i.e. f � fλ ¼ 1

λ should be satisfied. Therefore, the
dependence of MTF on f reflects the imaging quality at different
spatial resolution in fact.
The operation mechanism of HIWIP-LED involves of three

processes. First of all, the incident light is absorbed by the HIWIP
part. Then, the photo-generated carriers transport from the
HIWIP part to the active region of the LED. Finally, the radiation
recombination occur in the quantum well of the LED and emit
near-infrared photons. The MTF is deduced from solving the
Poisson equation and current continuity equation, where the
three processes were taken into consideration (see Supplementary
Note 3 for detailed simulation). Therefore, the MTF describes the
ability of the HIWIP-LED to transfer the object contrast to the
image contrast.
Figure 5a, b show the calculated variation of the MTF with pc

and f for the up-converter with double heterojunction GaAs/
AlGaAs LED (LED #1) and InGaAs quantum well LED (LED #2),
respectively. Both of the structures show that the MTF increases

with the capture probability (pc) increasing, which seems to be an
anomaly phenomenon. The increase in pc means that the
photocurrent density injected to the LED will decrease. However,
it has been proved that the signal photocurrent decreases much
slowly compared with the dark current or background
photocurrent, which leads to the enhancement of the image
contrast28. This characteristic reveals that a better imaging quality
means some sacrifice of the HIWIP detector response. The dash
lines indicate the limit fλ for a given incident light. It is noted that
the MTF of the up-converter with LED #2 is much better than
that of the up-converter with LED #1. In contrast to the device
with LED #1, the MTF of the up-converter with LED #2 is almost
larger than 0.5 in the whole range of spatial frequency we studied,
which means the image perceives sharpness and resolution even
in size of details. This is because the emitted light of the quantum
well LED will not be absorbed again by any other layer, which
would not cause remarkable image distortion. From this point of
view, the InGaAs quantum well could not only improve the up-
conversion efficiency, but also improve imaging quality.
The imaging quality can also be evaluated by the factor of the

signal to noise (FSNR) of the HIWIP-LED device. FSNR is
characterized by the ratio of R/Jbg18, in which R is the calibrated
responsivity and the Jbg is the background current density. The
calculated FSNR and responsivity are shown in Fig. 5c. FSNR can
be viewed and treated as the signal to noise ratio when 1 cm2 area
of the device is illuminated by 1 watt light. It’s clear that the FSNR
does not increase monotonously with the bias in contrast to the
responsivity. The FSNR are nearly all above 100 at the operation
voltage (1.45–1.8 V) and the maximum FSNR is about 500 at
~1.5 V. The results show that the proper operating bias voltage
for high imaging quality located in the region of 1.5–1.6 V, where
the FSNR gets its peak value. The reason is that the FSNR is
determined by R together with Jbg and it’s a tradeoff of R and Jbg.
High operation voltage is helpful to increase R, nevertheless, the
dark current will also increase enormously, leading to the
decrease of FSNR. Figure 5c, d indicate the best FSNR does not
correspond to the maximum responsivity but the maximum
signal to noise ratio, which is in good agreement with calculated
results of MTF. When the voltage is set to be 1.8 V, the FSNR
becomes one half of the peak value. But the signal strength at 1.8
V is 2 orders higher than that at 1.5 V (shown as the net output
power shown in Fig. 4c), which exactly explains why we recognize
the up-conversion image at 1.8 V instead of 1.5 V.
It is noted that the FSNR also exhibits a turn-on behavior when

the bias voltage greater than 1.4 V. This phenomenon is
particularly obvious in the mapping results of FSNR shown in
Fig. 5d. The mapping results at 3.5 K give a much more intuitive
view of the dependence of the FSNR on the bias voltage and
wavenumber (or frequency).In a wide response range (from 6–21
THz), the FSNR of this kind of HIWIP-LED up-converter is
always larger than 100 when the operation bias is in the range of
1.5–1.8 V at 3.5 K, showing a relatively ideal imaging quality. This
means that the imaging quality could be guaranteed over a wide
range of wavelength. In addition, according to Fig. 4c, d, the best
working voltage region is 1.74–2.5 V. With an overall considera-
tion of signal intensity, the background current and the imaging
quality discussed above, we find the optimum working voltage of
the up-converter is 1.8–1.9 V.

The noise equivalent power (NEP) is a figure of merit for
photodetectors. Figure 6a, b show the calculated NEP under
different bias voltages at 3.5 K for the up-conversion imaging
system and single HIWIP detector, respectively40,41. The detailed
calculation of the NEP is given in the Supplementary Note 3. The
voltage difference for the two figures is due to the turn on voltage
of HIWIP-LED. We can find that the NEP for all frequencies are
almost below the level of 100 pWHz−1/2 and the optimal value is
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29.1 pWHz−1/2 at 600 cm−1 between 1.5–1.9 V. In contrast, the
optimal NEP for single HIWIP is 12.4 pWHz−1/2. The NEP of the
HIWIP-LED is slightly larger than that of the single HIWP
detector in the whole photosensitive region, indicating that effect
of the noise from the extra introduced up-conversion process
does exist. It should be noted that the degradation of NEP is

mainly due to the relative lower LED light extraction efficiency.
Nevertheless, we think that the NEP of HIWIP-LED imaging
system could be further improved if proper coupling between the
HIWIP-LED up-converter and Si CCD is adopted, e.g., by means
of optical adhesive. If the thickness of the optical adhesive is
comparable to the wavelength of the photon emitted by the LED,
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the photon tunneling effect will occur which can lead to a much
higher light extraction efficiency. Theoretical value of the light
extraction efficiency caused by photon tunneling effect can reach
up to 100%. As high as 81% of light extraction efficiency has been
achieved experimentally42. Even though it is slightly higher than
that of the single HIWIP detector, NEP of the overall up-
conversion imaging device is still comparable and competitive
among the state of the art THz imaging devices.

Discussion
In conclusion, we have proposed a novel broadband THz up-
conversion photon-type imaging device operating at the range of
4.2–20 THz based on the HIWIP-LED up-converter and Si CCD.
In contrast to QWP-LED, the HIWIP-LED could achieve
broadband photo-response and absorb the normal incident light
without any grating coupler. The overall comparison between the
QWP and HIWIP is given in Supplementary Note 4. A peak
responsivity for the HIWIP detector of 0.5 AW−1 was achieved at
18 THz. Aiming at low operation temperature and low driving
current, the luminescence property for the specially designed LED
was measured and analyzed systematically. The average external
quantum efficiency of the LED adopted in the up-converter
resulted in a 72.5% improvement at low temperatures in contrast
to the ordinary double hetero-junction GaAs/AlGaAs LED widely
used in previous up-conversion devices. A peak up-conversion
efficiency of 1.14 × 10−2 was obtained. The THz HIWIP-LED up-
converter based pixelless imaging for a 1000 K blackbody pin-
hole was realized. Moreover, the 4.26 THz QCL signal could also
be up-converted to a NIR signal effectively. The minimum noise
equivalent power (NEP) of the HIWIP-LED up-conversion
imaging system is 29.1 pWHz−1/2. The imaging performance of
the HIWIP-LED was analyzed using MTF and NEP, which reflect
the superiority of the HIWIP-LED. This work provides a new
imaging scheme for terahertz band.
Thanks to the wide photo-response coverage (4.2–20 THz), the

proposed HIWIP-LED up-conversion photon-type imaging
device is potential and promising in many applications. First of
all, there are some explosives that the feature band are around or
higher than 5 THz, such as TNT (5.6, 8.2, 9.1, 9.9 THz)43,44 and
NH4NO3 (4, 7 THz)45. So it could be used in security area for
explosive detection. Secondly the feature band central position
frequency of some drugs also around or higher than 5 THz such
as Acetaminophen (6.5 THz) and Naproxen sodium (5.2, 6.5
THz)46, which makes it potential in healthcare and medicine
security. Moreover, the broadband frequency response range
corresponding to the far-infrared region, which is the exactly in
the FIR region of the astronomical observation. For example, the
Spitzer Space Telescope (launched in August 2003) and the James
Webb Space Telescope (JWST, delayed to launch after 2020) were
designed to detect the wavelength of 5–38 μm (7.9–60 THz) and
5–28 μm (10.7–60 THz)9.

In addition, one of the most important advantage of the GaAs-
based photon-type detector is that it has high speed/frequency
capability and there are no competitive alternatives in IR/THz
region12. Thus the broadband THz HIWIP-LED up-converter
based imaging in this work may be promising in the application
of high speed THz imaging applications.

Methods
The wafer details of the up-converter. The HIWIP-LED up-converter consists of
a p-GaAs HIWIP broadband THz detector and an AlGaAs/GaAs/InGaAs quantum
well LED directly grown by MBE on 600 μm thick semi-insulating GaAs substrates.
The p-type HIWIP detector consists of a 300 nm thick bottom contact layer doped
with 3 × 1018 cm−3 Be, a 100 nm bottom emitter layer doped with 8 × 1018 cm−3 Be
and 20 repeats of p-GaAs/i-GaAs (emitter layer/intrinsic layer) layers with emitter
layer and intrinsic layer thickness of 80 nm and 15 nm. The p-GaAs emitter layer is
doped with 8 × 1018 cm−3 Be to realize a high internal photon emission efficiency.

The period number of the emitter/intrinsic layer is optimized with fully con-
sideration of the ionization effect38. The LED structure is an i-Al0.2Ga0.98As/GaAs/
n-AlxGa1–xAs double heterojunction structure with a 9 nm intrinsic In0.1Ga0.9As
quantum well insert in the center of the GaAs. The thickness of the GaAs and
AlxGa1-xAs on both sides of the In0.1Ga0.9As quantum well is 40 nm and 80 nm,
respectively. The n-AlxGa1-xAs adopted an aluminum component grading layer
(x= 0.02→0.1) and doped with Si to 2.5 × 1018 cm−3. An intuitive table of the
detailed parameters are presented in the Supplementary Note 5. The top of device
is 50 nm n-GaAs doped with Si to 2.5 × 1018 cm−3 for n-contact. The samples were
fabricated using standard photo lithographic techniques. The top electrical con-
nection is a narrow ring contact formed by deposition of PdGe/Ti/Pt/Au using
electron beam evaporation. And the bottom p-contact is made by Ti/Pt/Au. The
mesa is 1000 × 1000 μm2. Subtracting the top ring contact, the effective detection
area is 700 × 700 μm2. The samples were mounted on 14 pin packages for electrical
and optical measurements.

Measurement details. All measurements were carried out at low temperatures.
The photocurrent spectra at 3.5 K and different bias voltages shown in Fig. 2a are
measured using a Fourier transform infrared spectrometer (Bruker VERTEX 80 IFS
66 v/s). The responsivities of the HIWIP-LED at different bias voltages shown in
Fig. 2b are acquired using a calibrated blackbody (Infrared Systems Development
Corporation IR-564/301) together with a low noise current preamplifier (Model
SR570) and a lock-in amplifier (Model SR830). The LED’s emission spectrum with
different driving current in Fig. 3a were measured using a fiber spectrometer
(Ocean optics QE65PRO). The optical fiber probe was set close to the glass window
of the cryostat to acquire the emission spectrum. EQE of LED in Fig. 3c, d were
calculated from the driving current and emission light power. The emission light
power is measured by Thorlabs S130C large area Si slim photodiode. The emission
power at low temperatures were calibrated with a calibration coefficient, which was
obtained at the room temperatures. Firstly, the large area Si photodiode close to the
HIWIP-LED device to measure the emission power (Pout-c). Then, place the
HIWIP-LED inside the cryostat, using the large area Si photodiode close to the
glass window of the cryostat to measure the emission power (Pin-c). The calibration
coefficient was determined by comparing the Pout-c and Pin-c. The CCD used for
imaging setup is a commercial Andor Si CCD camera (iKon-M 934 BR-DD).

Data availability
The data that support the findings of this study are available from the authors on
reasonable request, see author contributions for specific data sets.
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&Nanostructures

Few-Layer MoS2 Nanosheets Encapsulated in N-Doped Carbon
Hollow Spheres as Long-Life Anode Materials for Lithium-Ion
Batteries

Faze Wang,*[a, b, c] Fanggang Li,[b] Li Ma,[d] and Maojun Zheng*[b]

Abstract: Two-dimensional molybdenum disulfide (MoS2)
has been recognized as a promising anode material for lithi-

um-ion batteries (LIBs) due to its high theoretical capacity,

but its rapid capacity decay owing to poor conductivity,
structure pulverization, and polysulfide dissolution presents

significant challenges in practical applications. Herein, triple-
layered hollow spheres in which MoS2 nanosheets are fully

encapsulated between inner carbon and outer nitrogen-
doped carbon (NC) were fabricated. Such an architecture

provides high conductivity and efficient lithium-ion transfer.
Moreover, the NC shell prevents aggregation and exfoliation

of MoS2 nanosheets and thus maintains the integrity of the

nanostructure during the charge/discharge process. As
anode materials for LIBs, the C@MoS2@NC hollow spheres

deliver a high reversible capacity (747 mA h g@1 after 100
cycles at 100 mA g@1) and excellent long-cycle performance

(650 mA h g@1 after 1000 cycles at 1.0 A g@1), which confirm
its potential for high-performance LIBs.

Introduction

Lithium-ion batteries (LIBs) are widely used as energy storage

devices in the fields of portable electronic devices, electric ve-
hicles, and smart grids.[1–3] To meet the pressing demands of
large-scale applications, substantial efforts have been devoted

to developing alternative anode materials to replace commer-
cial graphite toward high reversible capacity and long cycle

life.[4–6] As one promising candidate, molybdenum disulfide
(MoS2) has received extensive attention owing to its graphene-
like layered structure and high theoretical capacity of
782 mA h g@1.[7, 8] However, the low conductivity, structural pul-

verization, and dissolution of polysulfide during the lithiation/
delithiation process result in fast capacity decay, which greatly
inhibits the practical application of MoS2.[9–12]

To overcome these challenges, several methods have been

proposed to enhance the lithium storage performance. One ef-
fective strategy is to tailor nanoscale MoS2 with high surface-

to-volume ratio, which could shorten the diffusion length of
lithium ions and increase the active surface area.[13–17] Unfortu-
nately, considerable capacity fading caused by its intrinsic low

electronic conductivity, aggregation, and pulverization on ex-
tended cycling cannot be avoided by mere nanostructure engi-

neering. Thus, another strategy of integrating nanostructured
MoS2 with highly conductive materials, such as graphene,[18–20]

amorphous carbon,[21, 22] carbon nanotubes (CNT),[23, 24] and con-
ducting polymers,[25–28] has been proposed to solve the above-

mentioned problems. Besides the advantages of nanostruc-
tured MoS2, the mechanically stable and electronically conduc-
tive carbon component serving as a conductive skeleton in the
hybrid configuration can effectively enhance the conductivity
of the electrode, buffer the volume change, and thus result in

improved cycling performance and rate capability.[29–33] Howev-
er, in most cases, MoS2 on the CNT or graphene surface is di-

rectly in contact with the electrolyte and suffers from drastic
aggregation and pulverization during the charge/discharge
process. The resulting detachment of MoS2 from the surface of

the carbon host leads to gradual degradation of the electro-
chemical performances on cycling.

Herein, we report the design and synthesis of triple-layered
hollow nanostructures by encapsulating few-layer MoS2 nano-
sheets between carbon hollow spheres and nitrogen-doped

carbon layers. The overall hollow nanostructures with inner
cavity can provide large electron/ion pathways for charge stor-

age and delivery. The uniform NC shell coating effectively pre-
vents structural pulverization and suppresses the exfoliation of
MoS2 from the conductive carbon during charge/discharge
processes. As a result, the as-prepared C@MoS2@NC hollow
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spheres exhibit excellent cycling stability up to 1000 cycles as
an anode material for LIBs.

Results and Discussion

The synthesis of the C@MoS2@NC hollow spheres is depicted
in Figure 1. SiO2 nanospheres were selected as the starting

template. As shown in Figure S1a and b of the Supporting In-
formation, the SiO2 template is uniformly sized with a diameter
of about 300 nm. In step I, a carbon layer was coated on the

SiO2 to produce SiO2@C spheres. The field-emission SEM

(FESEM) images of SiO2@C sample showed monodisperse
spheres after carbon coating. (Figure S1c and d in the Support-

ing Information). Then, MoS2 nanosheets were vertically grown
on the surface of the SiO2@C spheres by hydrothermal synthe-

sis (Figure S1e and f in the Supporting Information). Afterward,

SiO2@C@MoS2 was treated in 5 % HF solution to remove the
SiO2 template. High-magnification FESEM images showed that

the surface is uniformly covered with hierarchical, ultrathin
MoS2 nanosheets (Figure 2 a). The broken sphere observed in

Figure 2 b suggests that C@MoS2 has a hollow structure. TEM
images clearly revealed a core–shell structure of C@MoS2 with
a hollow interior and a wall assembled from nanosheets (Fig-

ure 2 c). The diameter of the hollow center is about 300 nm,
which is consistent with the average diameter of the SiO2

sphere templates. The HRTEM image confirms the formation of
well-defined double-shelled C@MoS2 hollow spheres with few-

layer MoS2 nanosheets and carbon shell (&15 nm; Figure 2 d).
The interconnected MoS2 wrinkled nanosheets with thickness-

es of approximately 5 nm would contribute to intercalation
sites and a low energy barrier for lithium-ion charge/dis-

charge.[34] Finally, a nitrogen-doped carbon (NC) layer was
coated on the surface of C@MoS2 hollow spheres by polymeri-

zation and carbonization of dopamine in step III. NC with im-
proved electronic and electrochemical performance acts as top
protective layer to prevent aggregation and pulverization of
MoS2. In the high-magnification FESEM image, the well-pre-
served morphology of the vertically oriented MoS2 nanosheets

indicates a uniform, thin-layer carbon coating (Figure 3 a). TEM
images demonstrated that the C@MoS2@NC spheres show a

hollow structure similar to that of C@MoS2 (Figure 3 b). The

MoS2 nanosheets are fully encapsulated into carbon to form
triple-layered hollow spheres, as can be determined from the

clear contrast between the layered MoS2 and amorphous
carbon (Figure 3 c).

The atomic-scale elemental distribution of as-obtained

C@MoS2@NC hollow spheres was explored by energy-disper-
sive X-ray (EDX) spectroscopic mapping. Figure 3 d–g show
that the Mo, S, C, and N elements are well distributed through-
out the sphere. The overlap of the C and N elemental mapping

images with those of Mo and S demonstrates uniform encap-
sulation of MoS2 in the carbon shell. XRD and Raman spectros-

copy were performed to identify the crystallographic structure.
Figure 4 a shows the XRD pattern of C@MoS2@NC, in which all
of the diffraction peaks can be indexed to pure hexagonal

MoS2 phase (JCPDS card no. 24-0513), that is, the MoS2 nano-
sheets have high crystallinity. A broad peak in the range of 20–

258 is attributed to carbon components.[35, 36] In the Raman
spectrum (Figure S2 of the Supporting Information), peaks at

1357 and 1599 cm@1 are attributed to disordered graphite (D

band) and crystalline graphite (G band). The of ID/IG ratio in the
Raman spectrum is greater than 0.94 and thus indicates that

the carbon is amorphous. The absence of the characteristic
Raman peaks of MoS2 implies uniform wrapping by the outer

amorphous NC shell. The MoS2 peaks are most likely sup-
pressed by those of carbon. The XRD and Raman studies dem-

Figure 1. Schematic illustration of the synthesis of C@MoS2@NC hollow
spheres. I) carbon coating, II) growth of MoS2 and SiO2 removal, III) NC coat-
ing.

Figure 2. a, b) FESEM images of C@MoS2 with different magnifications.
c, d) TEM images of C@MoS2 with different magnifications.

Figure 3. a) FESEM images of C@MoS2@NC hollow spheres. b, c) TEM images
of a C@MoS2@NC hollow sphere with different magnifications. d–g) EDX ele-
mental mapping images of Mo, S, C, and N.
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onstrate that the C@MoS2@NC hollow sphere is composed of

highly crystalline MoS2 and amorphous carbon.
The MoS2 and carbon contents in C@MoS2@NC were deter-

mined by thermogravimetric analysis (TGA), as shown in Fig-
ure S3 of the Supporting Information. The weight loss between

350 and 500 8C is mainly due to oxidation of MoS2 and removal
of carbon. The remaining content between 500 and 700 8C is

pure MoO3, which has a weight fraction of 69.7 %. The con-

tents of the MoS2 and carbon were calculated to be 77.5 and
22.5 %, respectively. The BET analysis showed that the specific

surface area of the C@MoS2@NC hollow sphere is 40.852 m2 g@1

(Figure S4 in the Supporting Information) and the pore size is

mainly distributed around 1.937 nm.
X-ray photoelectron spectroscopy (XPS) was used to further

investigate the chemical states of the C@MoS2@NC composite.

The survey-scan spectrum (Figure 4 b) revealed the existence
of Mo, S, C, and N elements, consistent with the above EDX
analysis. In the high-resolution C 1s XP spectrum (Figure 4 c),
three peaks at binding energies of 284.8, 286.6, and 288.8 eV

are ascribed to C@C, C@O, and C=O bonds, respectively. In the
high-resolution Mo 3d spectrum of (Figure 4 d), peaks at 228.9

and 231.9 eV are assigned to Mo4 + 3d5/2 and Mo4 + 3d3/2,
whereas the peaks at 232.5 and 235.4 eV could be assigned to
Mo6 + 3d, because of slight oxidation of the Mo4 + in the car-

bonization process.[37–39] The N 1s spectrum was showed a
strong signal (Figure 4 e). After deconvolution, signals for three

types of N were found at 398.0, 398.9, and 400.3 eV corre-
sponding to graphitic N, pyrrolic N, and pyridinic N in the NC

outer layer.[37] The content of N in C@MoS2@NC is calculated to

be 2.9 atom % on the basis of XPS measurements. Figure 4 f
shows the S 2p spectrum with peaks at binding energies of

163.0 and 161.7 eV for S 2p1/2 and S 2p3/2, characteristic of S2@

in MoS2.

The objective of this research, which was to develop an ad-
vanced anode material with high capacity and long-term cy-

cling stability, inspired us to rationally design the triple-layered

hollow nanospheres. We presume three merits of the fabricat-
ed C@MoS2@NC anode: 1) mechanically robust carbon hollow

spheres with inner cavity offer a larger specific surface area for
lithium-ion diffusion and ensure structural integrity during cy-

cling; 2) the MoS2 nanosheets with high theoretical capacity
contribute to the reversible lithium storage properties of the

whole electrode; 3) nitrogen-doped carbon on the surface of

MoS2 nanosheets can prevent aggregation and diffusion of
MoS2 and thus improve the conductivity and electrochemical

activity. The above-mentioned superior properties of the
C@MoS2@NC composite make it a desirable alternative anode

material for LIBs. Hence, the lithium-ion storage properties of
the C@MoS2@NC hollow spheres were thoroughly studied. To
investigate how the peculiar architecture affects the electro-

chemical performance, C@MoS2 and pristine MoS2 are also in-
vestigated as controls to compare with the C@MoS2@NC com-
posite.

Figure 5 a shows the initial three cyclic voltammetry (CV)

curves of C@MoS2@NC at a scanning rate of 0.1 mV s@1. In the
first cathodic scan, the first peak at 0.71 V is related to the in-

sertion of Li+ into the MoS2 interlayers with accompanying for-

mation of LixMoS2. A broad peak that emerges in the range of
0.2–0.4 V can be attributed to subsequent conversion of

LixMoS2 to Mo metal and Li2S. In the following cycles, two new
cathodic peaks appeared at 1.89 and 1.45 V, corresponding to

the lithiation of S to Li2S. During the anodic process, the peak
at 2.23 V is assigned to the delithiation of Li2S to S.[40–43] The

charge/discharge voltage profiles for the first, second, third,

50th, and 100th cycles are shown in Figure 5 b. After the initial
cycle, the plateau at 2.30 V in the charge curve and that at

1.50 V in the discharge curve represent the redox process of
the Li2S/S couple, which is in agreement with the above CV be-

havior. The pure MoS2 and C@MoS2 electrodes (Figure S5 a, b
in the Supporting Information) show similar charge/discharge

Figure 4. a) XRD pattern of C@MoS2@NC hollow spheres. b) XP survey spectrum and high-resolution c) C 1s, d) Mo 3d, e) N 1s, and f) S 2p spectra of
C@MoS2@NC hollow spheres.
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voltage profiles to the C@MoS2@NC electrodes, which implies
that they share a similar electrochemical mechanism and dem-
onstrates that MoS2 contributes to the total capacity of the
composite. Compared with pristine MoS2, the C@MoS2 elec-
trode shows a lower anodic plateau and higher cathodic pla-
teau, which suggest better electrochemical reactivity due to

the integration of MoS2 with highly conductive and mechani-
cally robust carbon hollow nanospheres.

The cycling performance of the C@MoS2@NC electrode at a

current density of 100 mA g@1 and the corresponding compari-
son are shown in Figure 5 c. The bare MoS2 electrode suffered

from rapid capacity decay, showing a capacity of 440 mA h g@1

along with a Coulombic efficiency of about 96 % after only

50 cycles, which indicates a greater degree of aggregation and

deconstruction of MoS2 nanosheets. Although the cycling per-
formance of the C@MoS2 electrode is improved, continuous ca-

pacity fading can be observed over 100 cycles. The inner
carbon sphere serving as a robust skeleton can shorten the dif-

fusion pathway of Li+ ions, facilitate electron transfer and pre-
serve the electrode integrity for stable cycling performance.

The outer MoS2 sheets are still in direct contact with the elec-
trolyte and are prone to detachment from the inner carbon. As
a consequence, although the stability of the cycling per-
formance was improved for C@MoS2, capacity fading cannot
be completely avoided. In contrast, the C@MoS2@NC compo-
site delivers a high discharge capacity of 747 mA h g@1 after

100 cycles. The Coulombic efficiency of 74 % in the first cycle
gradually increases and stabilizes above 99 % in the following
cycles, which indicates better reversible cycling performance.

This improvement can be ascribed to the outmost NC layer,
which can prevent structural exfoliation of MoS2 from carbon

and suppress the dissolution of polysulfide.
To further understand the effect of the NC layer on the cy-

cling performance, the cells with C@MoS2 and C@MoS2@NC

composite were dismantled after long-term cycling and the
morphology was characterized by TEM (Figure S6 in the Sup-

porting Information). The innermost carbon hollow sphere was
well preserved for both electrodes, but the C@MoS2 composite

after cycling only showed a smooth carbon surface and the
MoS2 outside of the spherical shell was not observed. This im-

Figure 5. Electrochemical characterization of the C@MoS2@NC electrode. a) Representative CV scan at a scan rate of 0.1 mV s@1 between 0.0 and 3.0 V.
b) Charge/discharge voltage profiles in the first, second, third, 50th, and 100th cycles c) Cycling performance at a current density of 0.1 A g@1. d) Rate per-
formance at various current densities. e) Cycling performance at a current density of 1 A g@1.
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plies exfoliation of MoS2 from the inner carbon skeleton
during the long-term discharge/charge process. On the contra-

ry, we could still observe MoS2 particles tightly sandwiched be-
tween the innermost carbon sphere and outermost NC layer

(Figure S6 b in the Supporting Information). These observations
confirmed that encapsulation of MoS2 nanosheets into hollow
carbon nanospheres is effective for minimizing polysulfide dis-
solution and maintaining the structural integrity, which lead to
stable cycling stability.

Figure 5 d shows the rate performance of the C@MoS2@NC
composite at various current densities. The specific capacities
of the composite were 1052, 820, 593, 46.3, and 343 mA h g@1

at current densities of 0.1, 0.2, 0.5, 1, and 2 A g@1, respectively.

Moreover, the fact that a discharge capacity of 960 mA h g@1

could be recovered when the rate returned to 0.1 A g@1 indicat-

ed good rate capability. The C@MoS2@NC hollow spheres deliv-

er outstanding cycling performance at high current density.
After 1000 cycles, a reversible capacity of around 650 mA h g@1

at 1.0 A g@1 with Coulombic efficiency of 99.7 % is retained (Fig-
ure 5 e). A specific discharge capacity of 1100 mA h g@1 is ob-

tained in the first cycle. The slight decrease in the first 50
cycles and the continuous increases of the capacity in the fol-

lowing cycles can be ascribed to reversible formation of a poly-

meric gel-like layer through electrolyte decomposition and the
activation of active materials and defects through penetration

of electrolyte into the inner cavity, respectively.[44, 45] This phe-
nomenon is also observed in the measurements of cycling per-

formance at a current density of 100 mA g@1 (Figure 5 e). How-
ever, the slight decrease is extended to 100 cycles, owing to

the low current density and slow decomposition reaction.

Comparison with the electrochemical performance of anodes
made with reported state-of-the-art MoS2-based composite

anode materials reveals that our C@MoS2@NC hollow-sphere
anode is a highly competitive candidate in terms of long-term

cycling stability (Table S1 in the Supporting Informa-
tion).[18, 21, 23, 36, 46–53] All the above results demonstrate that the

exceptional electrochemical performance can be ascribed to

encapsulation of MoS2 nanosheets in carbon and the hollow
nanostructure, and is consistent with our proposed design
principles.

Conclusion

We have prepared a C@MoS2@NC composite by a facile strat-
egy. This triple-layered hollow sphere fully combines the ad-
vantages of NC coating, carbon support, and hollow nano-

structure. MoS2 nanosheets are well confined by outer NC and
inner carbon, and this can effectively restrain the dissolution of

polysulfide into the electrolyte and lead to excellent cycling
stability. As potential anode materials for LIBs, the

C@MoS2@NC hollow spheres deliver a high discharge capacity

of 747 mA h g@1 after 100 cycles at 100 mA g@1. Moreover, even
after 1000 cycles, a reversible capacity of 650 mA h g@1 at

1.0 A g@1 with a Coulombic efficiency of 99.7 % can be ob-
tained. This rational design and preparation of hierarchical

hollow nanostructures can be an effective strategy to obtain
advanced electrode materials for lithium-ion batteries.

Experimental Section

Synthesis of SiO2@C spheres

SiO2 nanospheres with a uniform diameter of 300 nm were select-
ed as the starting template for carbon coating. SiO2 nanospheres
(0.4 g) were homogeneously dispersed in deionized water (35 mL)
and ethanol (14 mL) by ultrasonication. Then cetyltrimethyl ammo-
nium bromide (0.15 g), resorcinol (0.17 g), and ammonia (0.1 mL)
were added to the suspension, which was stirred at 35 8C for 0.5 h.
Subsequently, formalin solution (0.5 mL) was added to the disper-
sion and stirring continued for 6 h. After cooling to room tempera-
ture, the products were collected, washed with deionized water
and ethanol several times, and dried in an oven at 60 8C. The
SiO2@C spheres were obtained by calcination of the precipitate at
600 8C for 3 h under high vacuum.

Synthesis of C@MoS2 hollow spheres

In a typical synthesis, SiO2@C spheres (0.2 g) were dispersed in de-
ionized water/ethanol (80 mL, 3/1 v/v) by ultrasonic treatment for
2 h. Sodium molybdate (0.6 g) and l-cysteine (2.5 g) were added to
the above solution. After stirring for a few minutes, the reaction
solution was transferred to Teflon-lined stainless steel autoclave
and hydrothermally treated at 180 8C for 24 h. The black precipitate
was collected, washed thoroughly with deionized water and etha-
nol, and dried in an oven at 60 8C. The dried powder was etched in
5 % HF solution to remove the SiO2.

Synthesis of C@MoS2@NC hollow spheres

For coating with nitrogen-doped carbon, as-prepared C@MoS2

hollow spheres (0.08 g) were dispersed in deionized water (30 mL).
Then, dopamine hydrochloride (0.1 g) was added into the suspen-
sion, which was stirred at 60 8C for 24 h. The precipitate was an-
nealed at 600 8C in tube furnace for 3 h with a ramping rate of
10 8C min@1 under high vacuum, during which, polydopamine was
carbonized to an amorphous NC layer.

Characterization

The morphology of the as-prepared materials was characterized by
SEM (FEI Sirion 200) and TEM (JEOL 2100F). XRD was performed
with a Rigaku Ultima IV X-ray diffractometer with CuKa radiation.
XPS was conducted with an AXIS ULTRA DLD instrument. Raman
spectroscopy was performed with a Renishaw inVia Reflex system
at room temperature. TGA was carried out to estimate the MoS2

content of the materials by using a thermogravimetric analyzer
(TGA, SDT Q600 V8.2 Build 100) from room temperature to 800 8C
at a heating rate of 10 8C min@1 in air. Surface areas and pore size
distributions were recorded with an Autosorb-IQ3 instrument.

Electrochemical measurements

The electrochemical measurements were carried out in 2016-type
coin cells with pure lithium foil as the counter electrode and 1 m
LiPF6 in a mixture of ethylene carbonate/dimethyl carbonate/dieth-
yl carbonate (v/v/v 1/1/1) as electrolyte. The working electrodes
were composed of 80 wt % of active material, 10 wt % of conduc-
tive carbon black, and 10 wt % of PVDF binder. Copper foil was
used as collector for the slurry coating. The mass loading of active
material on the electrode was about 1.0 mg. The galvanostatic dis-
charge/charge cycling tests were performed with a Land CT2001A
battery testing system at room temperature. CV was performed
with a CHI 660D electrochemical workstation.
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gn of hierarchical MoS2 nanosheet
hollow spheres sandwiched between carbon and
TiO2@graphite as an improved anode for lithium-
ion batteries†

Faze Wang, abc Fanggang Li,a Maojun Zheng, *a Yanbo Li*b and Li Mad

Molybdenum disulfide (MoS2) shows high capacity but suffers from poor rate capability and rapid capacity

decay, which greatly limit its practical applications in lithium-ion batteries. Herein, we successfully prepared

MoS2 nanosheet hollow spheres encapsulated into carbon and titanium dioxide@graphite, denoted as

TiO2@G@MoS2@C, via hydrothermal and polymerization approaches. In this hierarchical architecture, the

MoS2 hollow sphere was sandwiched by graphite and an amorphous carbon shell; thus,

TiO2@G@MoS2@C exhibited effectively enhanced electrical conductivity and withstood the volume

changes; moreover, the aggregation and diffusion of the MoS2 nanosheets were restricted; this

advanced TiO2@G@MoS2@C fully combined the advantages of a three-dimensional architecture, hollow

structure, carbon coating, and a mechanically robust TiO2@graphite support, achieving improved specific

capacity and long-term cycling stability. In addition, it exhibited the high reversible specific capacity of

823 mA h g�1 at the current density of 0.1 A g�1 after 100 cycles, retaining almost 88% of the initial

reversible capacity with the high coulombic efficiency of 99%.
Introduction

Lithium-ion batteries (LIBs) have attracted extensive attention
as potential power sources for signicant application in electric
vehicles because of their long cycle life and high power
density.1–3 Currently, graphite is predominantly used as an
anode material for commercial LIBs. However, due to the rela-
tively low theoretical capacity of graphite (around
372 mA h g�1), the commercial LIBs cannot meet the energy
storage requirements for large-scale electric vehicles in the
future.4,5 Thus, it is highly desirable to exploit alternative anode
materials with higher capacity and excellent cycling stability.
Transition metal oxides and suldes as promising anode
materials have shown striking electrochemical performance in
LIBs.6–8 Among these alternatives, a two-dimensional (2D)
layered material, molybdenum disulde (MoS2), has received
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anghai Jiao Tong University, Shanghai,
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signicant attention due to its open framework facilitating the
insertion of Li+ reversibly; this leads to high reversible
capacity.9–11 However, bare MoS2 electrodes exhibit poor rate
capability and fast capacity fading caused by low conductivity,
huge volume variation and aggregation during cycling.12–16 In
addition to MoS2, TiO2 is considered as one of the most
potential alternative anode materials owing to its excellent
cycling stability, low cost and environmental friendliness.
Several MoS2/TiO2 composites have been reported with
improved electrochemical performance owing to their syner-
gistic effects.17–25 When TiO2 and MoS2 are combined in a smart
system, TiO2 with excellent chemical stability and low volume
variation (<4%) is obtained,26 acting as a skeleton to effectively
accommodate the strain of volume changes. Moreover, the high
capacity of MoS2 can compensate the low specic capacity of
TiO2. However, the MoS2 sheets present on the surface of TiO2

are still prone to strong restacking, and the intermediate poly-
suldes dissolve during repeated charge/discharge
processes.27,28 Thus, the rational design of advanced hybrid
materials of MoS2 and other functional components with
complementary electrochemical properties is signicantly
desired to overcome these inherent obstacles.

To date, signicant efforts have been made to integrate MoS2
with carbonaceous materials (such as graphene, carbon nano-
tubes, amorphous carbon, carbon nanosheets, etc.),14,29–44 and
all these composites exhibit better electrochemical perfor-
mances as anode materials for LIBs due to the fully synergistic
Nanoscale Adv., 2019, 1, 1957–1964 | 19576
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effect of nanostructured MoS2 and superior conductivity of
highly exible carbon materials. The carbon component could
effectively accommodate the strain of volume change during
cycling, prevent the aggregation and improve the electric
conductivity.45,46 Despite the abovementioned success, there are
still obstacles that hinder the further development of MoS2
because of the polysulde shuttling effect causing capacity loss
due to the lack of a top conductive protection layer. Therefore, it
is highly required to develop an ideal hierarchical architecture
with enhanced electrical conductivity and better electrode
stability in which the synergistic effects of every component are
manifested.

Herein, we designed template-assisted fabrication of hier-
archical MoS2 nanosheet hollow spheres sandwiched between
a graphite-coated TiO2 core and an amorphous carbon shell.
Compared with the case of the simple core–shell TiO2@MoS2
nanostructure, the introduction of a graphite inter-layer and
a carbon shell has two advantages: on the one hand, graphitic
coating the mesoporous TiO2 hollow spheres provided a rapid
pathway for lithium and electron transfer between the abun-
dant interfaces of the sandwich-like MoS2/G/TiO2, accommo-
dated the volume change and maintained the integrity of the
hollow structure; on the other hand, the deposited carbon
coating on the surface of the MoS2 nanosheets could prevent
MoS2 from aggregation and the diffusion of sulfur while
improving the electron conductivity and modifying the inter-
face between the electrode/electrolyte. The synergistic effect of
these three components and the hierarchical nanostructure
endowed the carbon-coated TiO2@G@MoS2 hollow sphere with
improved electrochemical properties for application in LIBs.
Results and discussion

The overall synthesis procedure of the triple-layer TiO2@-
G@MoS2 hollow nanosphere is illustrated in Fig. 1a, which
involves four steps. First, SiO2 nanospheres were prefabricated
as a core template based on the Stöber method.47 Fig. 1b shows
the scanning electron microscopy (SEM) image of the SiO2

nanosphere with the diameter of ca. 290 nm, and the spheres
are signicantly monodisperse, smooth and uniform. In the
Fig. 1 (a–e) Schematic of the synthesis of hierarchical TiO2@G@MoS2 h

1958 | Nanoscale Adv., 2019, 1, 1957–1964
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second step, amorphous TiO2 shells were deposited on the SiO2

nanospheres via a versatile kinetics-controlled coating method.
Then, the as-prepared SiO2@TiO2 spheres were placed in
a glucose solution and hydrothermally treated. In this step, the
surface of the mesoporous TiO2 network was covered with
decomposed glucose. Due to the catalytic effect of TiO2 nano-
particles, the glucose-coated SiO2@TiO2 spheres were trans-
formed into SiO2@TiO2@graphitic carbon (SiO2@TiO2@G)
core–shell nanospheres via calcination at 800 �C for 5 hours.
The SEM images of the SiO2@TiO2@G samples show larger
monodisperse spheres with the uniform diameter of 500 nm
(Fig. 1c). The high-magnication SEM image clearly revealed
that the surface consisted of primary small nanoparticles.
Finally, the vertically oriented MoS2 nanosheets grew on the
surface of SiO2@TiO2@G by an L-cysteine-assisted hydro-
thermal method. During the hydrothermal process, the MoO4

2�

anions were reduced to MoS2 by S2� released from L-cysteine.
Moreover, multifunctional groups (SH, NH2, and COO) of L-
cysteine could guide the self-assembly growth of the MoS2
nanosheets on the surface of the carbon intermediate layer.29

The sample was further treated at 500 �C for 2 hours under
a vacuum condition to obtain highly crystalline MoS2. Fig. 1d
shows the typical SEM images of the as-synthesized SiO2@-
TiO2@G@MoS2 nanosphere structures, which indicates that
the SiO2@TiO2@G spheres are uniformly coated with the MoS2
shell, and the diameter of these multi-layer core–shell spheres
increases to ca. 600 nm. The high-magnication images
revealed that the MoS2 shell was composed of interconnected
vertically oriented ultrathin nanosheets. Aer the selective
removal of SiO2 template by HF immersion, triple-layer
TiO2@G@MoS2 hollow nanospheres were obtained (Fig. 1e).

As shown in Fig. 2a, the interior space is revealed from an
incomplete hollow sphere. The FESEM image of partly peeled
TiO2@G@MoS2 hollow nanospheres clearly discloses that the
hierarchical nanospheres consist of a mesoporous TiO2 core
and a MoS2 nanosheet shell (Fig. 2b). The detailed core–shell
hollow structure was further characterized by a transmission
electron microscope (TEM). From a single core–shell nano-
sphere, it can be observed that the MoS2 nanosheet shell was
uniformly attached to the surface of TiO2 (Fig. 2c). All the hollow
ollow nanospheres.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a and b) SEM, (c) TEM and (d) HRTEM images of the TiO2@-
G@MoS2 hollow nanospheres. (e) EDX-elemental mapping images of
Mo, S, C and Ti.
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spheres showed the uniform shell thickness of about 150 nm
and an inner cavity of �300 nm, which was consistent with the
diameter of the SiO2 templates. The HRTEM images show the
lattice fringes of the MoS2 nanosheet structures. The thickness
of the nanosheets was about several nanometers. The distance
of the parallel lattice planes at the edge of the MoS2 nanosheet
was about 6.5 Å, which corresponded to the d spacing of the
(002) planes of MoS2 (Fig. 2d). To investigate the element
distribution of MoS2, carbon and TiO2 in the TiO2@G@MoS2
hollow nanospheres, energy dispersive X-ray (EDX) spectros-
copy was carried out (Fig. 2e). The elemental mapping images
show that the Mo and S elements formed the shell and the core
consisted of C and Ti with smaller diameter. These results
directly demonstrated the hierarchical surface modication of
the MoS2 nanosheet on graphite-coated TiO2 hollow spheres.

The XRD patterns (Fig. 3a) were acquired for the TiO2@-
G@MoS2 hollow nanospheres to obtain their crystallographic
Fig. 3 (a) An XRD pattern and (b) the Raman spectrum of the TiO2@G@

This journal is © The Royal Society of Chemistry 2019
14
structure information. The diffraction peaks at 2q ¼ 14.3, 32.5,
36.0 and 58.5 correspond to the (002), (100), (102) and (110)
planes of 2H–MoS2 (JCPDS no. 37-1492).48 In addition, the char-
acteristic diffraction peaks assigned to (101), (200), (105), (111)
and (204) of hexagonal TiO2 (JCPDS no. 21-1272) were present.
Further insight into the nanostructure of TiO2@G@MoS2 was
achieved by examination of its Raman spectrum (Fig. 3b). The
characteristic Raman shis at about 377 and 400 cm�1 expected
for the E12g and A1g vibrational modes of hexagonal MoS2 were
clearly observed.49 Moreover, the presence of the TiO2 core was
conrmed by the Raman peaks emerging at 150, 282, 333 and
639 cm�1, which corresponded to the vibrational modes of the
Ti–O bonds.50 The bands at 1357 and 1580 cm�1 were the typical
D and G lines of graphitic carbon.51 Note that two strong bands
emerging at 817 and 990 cm�1 can be assigned to SiC. In the
annealing process, we predicted that the amorphous carbon
would evaporate into the mesoporous TiO2 shell under a high
vacuum condition; this would induce the formation of SiC. The
existence of SiC would be benecial for the improvement of
stability because of its high mechanical strength.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the chemical nature and bonding state of the
TiO2@G@MoS2 hollow spheres. Fig. 4a displays the detailed
XPS scans of the Mo, S and Ti binding energies. All the spectra
were calibrated by a carbon 1s peak located at 284.50 eV.
Moreover, two peaks at 229.3 and 228.4 eV were assigned to Mo
3d5/2 and Mo 3d3/2, respectively (Fig. 4b).33,52,53 Fig. 4c shows
the XPS spectrum of the S 2p region. In the high-resolution
spectrum of Ti 2p (Fig. 4d), two peaks at 464.5 and 458.8 eV
were attributed to Ti 2p1/2 and Ti 2p3/2, respectively. However,
the Ti 2p peaks were relatively weak, indicating the full coverage
of the MoS2 shell. The XPS results further conrmed the coex-
istence of MoS2 and TiO2 in the TiO2@G@MoS2 hierarchical
structure, which agreed well with the XRD and Raman results.

The electrochemical performance of the TiO2@G@MoS2
hollow structures as lithium-ion battery anodes was examined
by assembling them into Li half-cells. Electrodes made up of the
pure TiO2 hollow spheres and MoS2 nanoparticles were also
prepared for comparison. Fig. 5a shows the cyclic voltammo-
grams (CVs) of the initial three discharge/charge cycles at the
scan rate of 0.1 mV s�1 within the potential window of 0.0–3.0 V
(versus Li+/Li). In the rst cycle, the two irreversible peaks at
MoS2 hollow nanosphere.

Nanoscale Adv., 2019, 1, 1957–1964 | 19598
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Fig. 4 XPS spectra for the TiO2@G@MoS2 hollow nanospheres: (a) the
survey spectrum and high-resolution (b) Mo 3d, (c) S 2p, and (d) Ti 2p
spectra.
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1.127 and 0.473 correspond to the phase transition of MoS2,
resulting from the intercalation of Li+ ions and the decompo-
sition of MoS2 into Mo NPs, respectively.54–57

MoS2 + xLi+ + xe�/ LixMoS2 (1)

LixMoS2 + (4 � x)Li+ + (4 � x)e�/ Mo + 2Li2S (2)

These peaks disappeared in the second and third discharge
processes because few amorphous MoS2 lattices were reformed
Fig. 5 (a) Cyclic voltammetry curves of the TiO2@G@MoS2 hollow nano
(vs. Li/Li+). (b) Charge–discharge voltage profiles at the current density o
cycling performance of the pure MoS2 particle, TiO2 hollow sphere a
coulombic efficiency. (d) Rate capability of the TiO2@G@MoS2 electrode

1960 | Nanoscale Adv., 2019, 1, 1957–1964
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aer the rst charge process (lithium extraction). Aer the rst
cycle, the electrode was mainly composed of Mo and S instead
of initial MoS2.33 In the successive second and third discharge
processes, a new broad peak appeared at 1.917 V, corresponding
to the presence of a multistep lithium insertion mechanism,
which involved the lithiation of TiO2 and S to form LixTiO2 and
Li2S, respectively.29,58

S + 2Li+ + 2e�4 LiS2 (3)

TiO2 + xLi+ + xe�4 LixTiO2 (4)

In the charging process, there was an oxidation peak at
2.37 V with few changes in the subsequent sweeps, corre-
sponding to the lithium extraction process.30,59 Moreover,
a broad peak at 1.75 V could be attributed to the partial oxida-
tion of Mo to Mo4+.56 These results illustrate that both MoS2 and
TiO2 made a contribution to the charge–discharge capacity.

Fig. 5b shows the discharge–charge potential proles of the
TiO2@G@MoS2 hollow spheres in the 1st, 2nd and 3rd cycle at
the current density of 0.1 A g�1 between 0.01 V and 3 V. In
agreement with the CV results, two potential plateaus at 1.12 V
and 0.47 V were observed in the rst discharge process, which
respectively corresponded to the phase transition of MoS2 and
the conversion reaction process. In the subsequent discharge
curves, the plateaus obtained in the rst discharge dis-
appeared, whereas a new plateau appeared at 1.8 V, which was
attributed to a multi-step lithium insertion process. During the
charging process, a conspicuous potential plateau at about
2.3 V was observed, which was also in accordance with the CV
study.
spheres at the scan rate of 0.5 mV s�1 in the voltage range of 0.01–3 V
f 0.1 A g�1 of the TiO2@G@MoS2 hollow nanospheres. (c) Comparative
nd TiO2@G@MoS2 hollow sphere electrodes, and the corresponding
.
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Fig. 6 (a and b) SEM, (c) TEM and (d) HRTEM images of carbon-coated
TiO2@G@MoS2 hollow nanosphere.
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The cycling performances of the TiO2@G@MoS2 hollow
spheres as well as pure MoS2 and TiO2 hollow spheres were
evaluated at the discharge current density of 0.1 A g�1, as shown
in Fig. 5c. MoS2 delivered capacity fading from 914 mA h g�1 at
the initial cycle to 143 mA h g�1 at the 50th cycle during
discharge/charge cycles due to aggregation and pulverization.
Moreover, the TiO2 hollow spheres exhibited excellent cycling
stability; however, the capacity was only 105 mA h g�1 aer 50
cycles. The lower charge capacities were mainly attributed to the
lower theoretical capacity of TiO2. In contrast, the hierarchical
hollow spheres showed signicantly enhanced capacity and
cycling stability. The initial discharge and charge specic
capacities were 1330 and 908 mA h g�1, respectively, leading to
the coulombic efficiency (CE) of 62%, which quickly stabilized
at approximately 96% from the second cycle, being close to the
coulombic efficiency of the TiO2 hollow spheres. Compared to
the case of the MoS2 particles, the increased coulombic effi-
ciency of the TiO2@G@MoS2 spheres was mainly attributed to
their hollow structure since the hollow sphere architecture
could provide large surface area and shorten the lithium ion
diffusion path; moreover, the TiO2@G@MoS2 electrodes dis-
played an extraordinary capacity of 860 mA h g�1 in the rst 20
cycles, which signicantly exceeded that of either individual
components. We suggest that the high theoretical capacity of
the MoS2 shell, the superior cycling stability performance of the
TiO2 hollow core and the excellent electric conductivity of the
graphitic carbon interlayer are synergistically combined in the
hierarchical TiO2@G@MoS2 composite electrode. Fig. 5d shows
the rate capacity of triple-layer TiO2@G@MoS2 hollow sphere
electrode at various current densities ranging from 0.1 to
1 A g�1. The specic discharge capacities of the composite were
about 860, 780, 680, and 570 mA h g�1 upon cycling at 0.1, 0.2,
0.5, and 1 A g�1, respectively. When back to 0.1 A g�1, the
capacity returned to 860 mA h g�1, indicating good rate
performance of the TiO2@G@MoS2 composite.

However, upon long-term discharge/charge processes, the
cycling performance of the TiO2@G@MoS2 electrodes was still
poor owing to the aggregation and pulverization of the MoS2
nanosheet shell, which contributed to most of the capacity as
well as the highly conductive laminated layers to offer high
interfacial contact areas and shorten the lithium ion diffusion
paths.60,61 Therefore, the carbon thin shell was chosen as the top
conductive protective layer to alleviate the volume changes,
prevent the aggregation and pulverization of MoS2 and enhance
the overall electronic conductivity of the electrode.62 The
resorcinol–formaldehyde resin polymer shell was rst depos-
ited on the TiO2@G@MoS2 sphere. Aer carbonization of the
polymer shell precursors under an ultrahigh vacuum at 600 �C
for 2 hours, the core–shell carbon-coated TiO2@G@MoS2
hollow sphere electrode was obtained. It was observed that the
nanospheres retained their spherical shape; moreover, aer
coating, their surface became smooth (instead of showing
vertically orientated MoS2 nanosheets); this conrmed the
uniform carbon coating (Fig. 6a and b). The TEM images
demonstrate that the multiple-layer carbon coating TiO2@-
G@MoS2 sphere shows a similar hollow structure as TiO2@-
G@MoS2, but with a thin carbon shell coated on the surface of
This journal is © The Royal Society of Chemistry 2019
15
MoS2 (Fig. 6c). The curved MoS2 nanosheets were encapsulated
into an amorphous carbon layer with a thickness of 20 nm
(Fig. 6d). To determine the pore structure and surface area of
the as-prepared TiO2@G@MoS2@C, the N2 adsorption/
desorption test was conducted, as shown in Fig. S1.† The
specic surface area was about 15.179 m2 g�1, and the main
pore size was about 3.063 nm in diameter. To verify the content
of the prepared sample, ICP-AES was used to determine the
contents of Mo and Ti. The Mo and Ti contents in TiO2@-
G@MoS2@C were found to be 29.66% and 0.43%, respectively.
The MoS2 and TiO2 contents were calculated to be 49.5% and
0.72%, respectively. The sulfur and carbon contents were
analyzed by TGA. As shown in Fig. S2,† the weight loss occurring
between 298 and 451 �C was mainly due to the oxidation of
MoS2 to MoO3 and the removal of carbon. The remaining
product aer 500 �C was pure MoO3 with the weight percentage
of 46.7%. The content of MoS2 was calculated to be 51.9%,
which was approximately consistent with the ICP-AES result.

Fig. 7a shows the CV curves of carbon-coated TiO2@G@MoS2
electrode compared with those of the uncoated sample. The
carbon-coated core–shell TiO2@G@MoS2 electrode had a lower
anodic peak potential (2.31 V) and a higher cathodic peak
potential (0.56 V), suggesting its better electrochemical reac-
tivity and reversibility. The charge–discharge voltage proles
were obtained at the current density of 0.1 A g�1, indicating the
initial discharge and charge capacities of 1208 and
933 mA h g�1, respectively, and the coulombic efficiency of
76.6% (Fig. 7b).

Fig. 7c shows the cycling performance of the carbon-coated
TiO2@G@MoS2 hollow spheres at the current density of
0.1 A g�1 between 0.01 and 3.0 V. It exhibits enhanced capacity
retention stability and high reversible capacity of 823 mA h g�1

even aer 100 cycles, which is 88% of the capacity retention of
the initial charge capacity. Moreover, the coulombic efficiency
quickly stabilized at around 99% from the 4th cycle and was
maintained in the following cycles. Compared to other TiO2/
MoS2 composites, the carbon-coated TiO2@G@MoS2 hollow
spheres showed higher electrochemical energy storage
Nanoscale Adv., 2019, 1, 1957–1964 | 19610
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Fig. 7 (a) Cyclic voltammetry curves of the TiO2@G@MoS2@C hollow nanospheres at the scan rate of 0.5mV s�1 in the voltage range of 0.01–3 V
(vs. Li/Li+). (b) Charge–discharge voltage profiles at the 1st, 2nd and 3rd cycle at the current density of 0.1 A g�1 of the TiO2@G@MoS2@C hollow
nanospheres. (c) Cycling performance of TiO2@G@MoS2@C hollow sphere electrodes, and corresponding coulombic efficiency. (d) Rate
capability of the TiO2@G@MoS2@C electrode.
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performances,17–25 especially high reversible capacity, which was
attributed to the synergistic effects of all the components. The
rate performance test was carried out for the carbon-coated
TiO2@G@MoS2 hollow spheres to investigate their stability.
The specic capacities of the composite were 850, 783, 700 and
650 mA h g�1 upon cycling at 0.1, 0.2, 0.5 and 1 A g�1, respec-
tively. When the current density was reset to 0.1 A g�1, the
capacity could still return to 850 mA h g�1; this conrmed the
outstanding rate capability. We carried out the SEM and TEM
characterization for the as-prepared electrodes of TiO2@-
G@MoS2@C and TiO2@G@MoS2 hollow spheres aer cycling.
As shown in Fig. S3,† the SEI lms of the TiO2@G@MoS2
electrode were clearly thicker than those of the carbon-coated
electrode (Fig. S3c and d†). Fig. S4† exhibits the TEM image
of the as-prepared electrodes; the carbon hollow nanostructure
was well preserved aer 50 cycles, whereas the MoS2 particle
was not observed on the carbon sphere surface for the TiO2@-
G@MoS2 hollow spheres sample; this was due to the detach-
ment and diffusion of MoS2. Fig. S4c and d† show the TEM
images of TiO2@G@MoS2@C, in which the hollow structure is
well maintained, and the MoS2 particles distributed in the
carbon coating shells can be still seen; this indicates the
superior structural stability of TiO2@G@MoS2@C during long-
term cycling.

The excellent cycling stability and remarkable rate capability
of the hierarchical multiple-layer carbon-coated TiO2@-
G@MoS2 hollow spheres could be attributed to their unique
structural advantages and synergistic effect. First, the graphitic
carbon-coated mesoporous TiO2 hollow structure could
1962 | Nanoscale Adv., 2019, 1, 1957–1964
15
effectively buffer the mechanical strain accompanying the
lithium intercalation/exfoliation, alleviate huge volume varia-
tion of MoS2, and enhance the internal electronic conductivity
of the hierarchical electrode.63 Second, the vertically oriented
MoS2 laminated layers with high surface area provided a large
electrode/electrolyte interface and shortened the diffusion
paths for Li+ ions, thus improving the dynamic performance of
Li+ storage.64,65 Third, the carbon-coated top layer prevented
MoS2 from aggregation and pulverization, enhancing the elec-
tronic conductivity and contributing to the obvious improve-
ment of long-term cycling stability.66,67 Based on the synergistic
effect of all the aforementioned merits, the rationally designed
carbon-coated TiO2@G@MoS2 core–shell hollow sphere
exhibited remarkable electrochemical performance for lithium-
ion storage.
Experimental
Synthesis of carbon-coated TiO2@G@MoS2 hollow
nanospheres

Colloidal SiO2 nanospheres with a uniform diameter of 300 nm
were fabricated by the Stöber method. For TiO2 coating, 0.2 g of
the as-obtained SiO2 nanospheres was homogeneously
dispersed in ethanol (150mL). Aer this, ammonia solution (0.7
mL) was added to the suspension, and the mixture was stirred
by a magnetic bar for 1 h. Then, tetrabutoxide titanate (TBOT,
2.0 mL) was added, and the reaction was proceeded at 45 �C for
24 h under continuous stirring. To produce the graphitic
carbon-coated SiO2@TiO2 spheres, the SiO2@TiO2 core–shell
This journal is © The Royal Society of Chemistry 2019
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structured spheres were homogeneously dispersed in a glucose
solution (0.1 M, 15 mL) and hydrothermally treated at 180 �C for
2 h; this yielded the SiO2@TiO2@C spheres. Then, the amor-
phous TiO2/C shells could be converted to crystalline TiO2/
graphitic carbon hybrid structures aer annealing at 800 �C.

To grow the hierarchical MoS2 shell on the graphitic carbon
intermediate layer, 0.2 g of SiO2@TiO2@G sphere templates
were dispersed in 60 mL of de-ionized water and 20 mL ethanol
solution. Then, 0.6 g of sodium molybdate (Na2MoO4$2H2O)
and 2.5 g of L-cysteine were added to the abovementioned
solution. Aer ultrasonication, the reaction solution was then
transferred to a Teon-lined stainless steel autoclave and
hydrothermally treated at 180 �C for 24 h. Aer etching of SiO2

by a 5% HF solution, 0.08 g of the as-obtained hollow nano-
spheres were dispersed in 2.82 mL of ethanol and 7.04 mL of
deionized water, followed by the addition of 0.23 g cetyl-
trimethylammonium bromide (CTAB), 0.035 g resorcinol and
0.01 mL ammonia. Aer stirring at 35 �C for 30 min, 0.05 mL
formalin was added to the dispersion. Then, the reaction was
proceeded at 35 �C for 6 h under continuous stirring. The ob-
tained polymer-coated TiO2@G@MoS2 was annealed at 600 �C
for 2 h under a high vacuum atmosphere, and then, the carbon-
coated TiO2@G@MoS2 hollow nanospheres were obtained.

Material characterization

The morphology information was determined by the FEI Sirion
200 scanning electron microscope (SEM) and the JEOL 2100F
transmission electron microscope (TEM). Samples were char-
acterized by X-ray diffraction (XRD, Rigaku Ultima IV X-ray
Diffractometer) equipped with Cu Ka radiation. Surface
composition of the sample was analyzed by X-ray photoelectron
spectroscopy (XPS, AXIS ULTRA DLD, Kratos, Japan). Raman
spectroscopy was conducted using the Renishaw inVia-reex
system at room temperature. A laser with the wavelength of
532 nm was used as the excitation source. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Thermo,
iCAP7600) was used for detecting the concentrations of Mo and
Ti ions. Thermogravimetric analysis (TGA) was carried out using
a thermogravimetric analysis instrument (TGA, SDT Q600 V8.2
Build 100).

Electrochemical measurements

The electrochemical tests were carried out in coin cells. The
working electrode consisted of 80 wt% of active material,
10 wt% of conductive carbon black, and 10 wt% of polymer
binder (polyvinylidene uoride, PVDF). The electrolyte was 1 M
LiPF6 in a mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC) and diethyl carbonate (DEC) (1 : 1 : 1 by
volume). The typical mass loading of the active materials was
about 1 mg cm�2. Lithium disc was used as both the counter
electrode and the reference electrode. Cell assembly was carried
out in an Ar-lled glove box with moisture and oxygen
concentrations below 1.0 ppm. The charge–discharge tests were
performed using the Land CT2001A battery test system. Cyclic
voltammograms (CVs) were obtained using the CHI 660D elec-
trochemical workstation.
This journal is © The Royal Society of Chemistry 2019
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Conclusions

In summary, a hybrid architecture of carbon-coated TiO2@-
G@MoS2 has been successfully synthesized. The hierarchical
MoS2 hollow spheres with high theoretical capacity were sand-
wiched by graphite and microporous carbon. The role of the
carbon layer in the electrochemical energy storage performance
was systematically investigated, and the key factors that
controlled the capacity and cycling stability were identied. Due
to the unique hierarchical core–shell nanostructure and the
synergistic effect of every component, the rationally designed
carbon-coated TiO2@G@MoS2 hollow sphere electrode exhibi-
ted high charge capacity and the cycling stability of
823 mA h g�1 at the current density of 100 mA g�1 aer 100
cycles, retaining almost 88% of the initial reversible capacity
with the high coulombic efficiency of 99%. Our study suggests
a new mean for the synthesis of high-performance core/shell
structure electrodes by the introduction of a carbon shell or
interlayer for energy storage, which is expected to be widely
extended to metal oxides or metal suldes.
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a b s t r a c t

Noble-metal Au nanoparticles decorated InP nanopore arrays have been synthesized via a facile
impregnation-deposition method. The morphology and element composition of the resulting Au@InP
composite samples were characterized by X-ray diffractometry (XRD), field-emission scanning electron
microscopy, X-ray photoelectron spectroscopy. The as-obtained Au@InP nanoarray exhibits promising
behavior in photoelectrochemical hydrogen production, giving rise to a dramatically enhanced photo-
current density and onset potential, much superior to that of pristine InP nanopore arrays. Density
functional theory (DFT) calculation reveals that the enhanced PEC performance can be attributed to the
reduced recombination of electron-hole pairs. Therefore, this work supplies an effective way for the
construction of metal/semiconductor nanoarrays, which can be potentially used in the energy storage
and conversion field.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, tremendous energetic and environmental
problems have become significant global issues. Solar energy con-
version is a promising way to supply a sustainable energy source to
meet the challenge of global fossil fuels shortage and serious
environmental issues. Of all developed methods, photo-
electrochemical (PEC) water splitting can convert abundant and
renewable solar energy to produce clean hydrogen fuel, which has
become one of the most promising green technologies [1e4]. Since
Fujishima and Honda reported solar water splitting by TiO2 pho-
toanodes in 1972 [5], various semiconductors such as WO3, ZnO,
Fe2O3 and BiVO4 have been investigated as potential candidates for
efficient PEC hydrogen evolution through water splitting [6e10].
Although great efforts have been made to improve their PEC per-
formance, the solar-to-hydrogen conversion efficiency is still not
satisfied due to the limited visible-light response and high
recombination rate of electron-hole pairs. Therefore, it is of high
importance and challenge to develop highly-efficient, visible-light-
15
induced photoelectrodes.
Among all the semiconductors, Indium phosphide (InP) has

been considered to be one of themost promising candidates for PEC
hydrogen generation because of its direct band gap of 1.35 eV well-
matched to the solar spectrum, low surface-recombination velocity
and favorable conduction band position for hydrogen evolution
reaction [11,12]. For these reasons, InP has been investigated both as
photocathodes and photoanodes [13e15]. For example, Heller et al.
reported attractive PEC performances with conversion efficiencies
of approximately 12% in planar InP photocathodes [16]. In recent
years, one-dimensional (1D) nanotextured InP, such as nanopillar
[17], nanowire [18], and nanopore [19,20], have received consid-
erable attention owing to their excellent light confinement, effi-
cient charge separation, and high carrier mobility properties, all of
which are beneficial for PEC performance enhancement. Among
copious InP nanostructures, 1D InP nanopore arrays (NPAs) fabri-
cated via electrochemical anodization of n-InP wafer distinguishes
itself due to its large surface area, vertically aligned porous struc-
ture and controllable pores geometry. Moreover, the unidirectional
electrical channel of NPAs promotes the preferred one-dimensional
electron transport to the back contact [20e22]. With the consid-
erable advancement in the morphology control, however, to date
the PEC performance of pure InP is still limited because of the high
4
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recombination rate of photogenerated electron-hole pairs.
It has been reported that the semiconductor-semiconductor

heterostructure could significantly enhance PEC activity because
of the reduced electron-hole pair recombination rate and the
extended light harvesting. Nevertheless, after comprehensive
consideration of many factors, such as the band gap, the stability
and the band alignment with InP, it is still a great challenging task
to seek appropriate semiconductors. Recently, utilizing the plas-
monic effects to improve the efficiency of PEC hydrogen production
[23e26] and photovoltaic devices [27,28] via gold (Au)-decoration
has gained much attention because of their surface plasmon reso-
nance (SPR) and also owing to their remarkable stability. The Au
nanoparticles (NPs) have played a significant role in increase the
solar-energy-conversion efficiency. When wide band gap semi-
conductors are coupled with Au NPs, the light absorption spectrum
of the semiconductors can be extended into the visible and even
infrared light region [26,29e31], resulting in enhanced photocur-
rent intensity. Furthermore, when Au NPs are deposited on the
semiconductors surface, there would occur Plasmon resonance
energy transfer (PRET) from Au to the semiconductor [32,33]. The
PRET process may establish an oscillating electric field whichwould
enhance the rates of electronehole separation [34]. In addition, the
formation of Schottky barriers also increase the separation effi-
ciency of photogenerated electronehole pairs [35]. Therefore, the
lifetime of photoexcited electrons and holes at the Au/semi-
conductor could be extended effectively compared to bare
semiconductors.

Various routes have been employed to synthesize Au-
semiconductors composites, including deposition-precipitation
[36], electron-beam physical vapor deposition [37], chemical
reduction of Au precursors [38,39], photo-reduction [40e43], suc-
cessive ionic layer adsorption and thermal-reduction (SILATR)
approach [26,44], plasma sputtering [45], hydrothermal method
[46] and DC magnetron sputtering [25,47,48]. However, most of
these approaches need expensive equipment and high tempera-
tures or reducing agents, which could make scaling up quite diffi-
cult and impractical. Moreover, dispersing Au NPs across the inner
porewalls to a considerable depth beneath the top surface, which is
crucial to make the full use of the highly developed surface of the
nanoporous architecture, was still a challenge. Herein, we present a
novel strategy for the formation of Au NPs on the walls of InP
nanopore arrays (Au@InP NPAs) that is based on wet impregnation
and electrodeposition. In this facile method, the InP NPAs were
firstly immersed in an electrolyte containing HAuCl4 and then
transferred into a new medium that contains only an inert sup-
porting electrolyte without HAuCl4. Immediately electrodeposition
after immersion in this medium leads to the uniform deposition of
Au NPs only within the pores. This facile and effective procedure
makes Au NPs successfully plated in the InP NPAs. The Au@InP NPAs
heterostructures feature highly-ordered, open-pore with Au NPs
anchored to the internal surfaces. As a consequence, the Au@InP
composites photoelectrodes exhibit promising behavior in photo-
electrochemical hydrogen production, giving rise to a dramatically
enhanced photocurrent density and onset potential, much superior
to that of pristine InP nanopore arrays. These results demonstrate
that noble-metal Au nanoparticle loading was an effective
approach to improve the PEC performance of InP NPAs.

2. Experimental section

2.1. Preparation of Au@InP NPAs

The electrode based on Au@InP NPAs composite materials were
synthesized using a simple two-step etching method followed by
wet impregnation and electrodeposition process as diagramed in
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Scheme 1. Firstly, the ordered InP NPAs were fabricated via a
combination of electrochemical etching and wet etching method
according to previous report [20]. The starting material is Sn-doped
InP (>1� 1018 cm�3) single crystal wafer, whichwere polishedwith
emery papers, then cleaned by ultrasonication for 15min each in
acetone, ethanol and deionized water, consecutively, and then
dried in air at room temperature. The first step is the anodization of
InP wafer to prepare nanoporous InP, which was performed in a
homemade glass beaker cell at room temperature in a two-
electrode configuration with the InP disk anode and a Pt mesh
cathode. Before anodization, the InP were dipped into the mixture
of HF (49%) and H2O (1:10) for 60 s to remove surface native oxides.
The anodization of InP to form porous structures was conducted by
subjecting InP to a constant voltage of 7 V in 2M HCl aqueous so-
lution. To remove the top irregular layer, the specimen was
immediately transferred into a mixture of pure HCl and H3PO4 for a
few minutes, after which the highly ordered porous InP with uni-
form and square pore arrays were obtained.

The grafting of Au NPs on the surface of InP NPAswas carried out
by a modified wet impregnation and electrodeposition method
[49]. 1 g of HAuCl4 was dissolved in 500mLH2O to obtain a 2 gL-1

HAuCl4 solution. The as-obtained InP NPAs were immediately
immersed in the HAuCl4 solution for 5min, then transferred into
0.1M NaCl solution to undergo electrodepositing at �2 V for 1 s,
achieving a uniformity deposition of Au NPs within the NPAs in-
ternal surface. The electrodeposition was carried out in a standard
three-electrode electrochemical cell, employing as-obtained InP
NPAs working electrode, Ag/AgCl reference electrode and Pt mesh
counter electrode. This procedure of wet impregnation and elec-
trodeposition is denoted as one cycle. In this work, the cycles were
1, 3 and 5, the corresponding Au@InP samples were labeled as Au-
1/InP, Au-3/InP, and Au-5/InP, respectively.
2.2. Characterization of the Au@InP NPAs

The surface morphologies and crystal microstructures of the as-
prepared samples were observed by field-emission scanning elec-
tron microscope (FESEM, FEI Sirion 200). The crystal structure and
phase purity of the resultant samples were analyzed by power X-
ray diffraction (XRD) recorded on a Bruker D8 Advance X-ray
diffractometer using Cu-Ka radiation, with a scan step of 0.02� and
a scan range between 10� to 80�. The chemical-state analysis of the
products was measured with X-ray photoelectron spectroscope
(XPS), which is carried out on Kratos AXIS Ultra DLD XPS instru-
ment equipped with an Al Ka source. Energy-dispersive X-ray
(EDX) spectroscopy equipped to the SEM was also performed to
confirm their chemical compositions.
2.3. Photoelectrochemical measurements

All the PEC measurements were carried out on a PARSTAT
workstation (PARSTAT 4000), using a 300W xenon lamp as the
light source. The electrode was illuminated from the front side, the
incident light intensity on photoelectrode surface was
100mWcm�2. All the PEC measurements were performed in
0.35M Na2S and 0.5M Na2SO3 (pH¼ 13.6) solution. The working
electrode is the InP materials, while a Pt mesh electrode and a
saturated Ag/AgCl electrode were used as counter and reference
electrode, respectively. Unless specified, all potentials were re-
ported with respect to Ag/AgCl. Before measurements, high-purity
N2 was purged into the electrolyte solution for 30min to remove
the dissolved O2. Polarization curves were recorded by sweeping
the potential at a rate of 10mV s�1 in the anodic direction.



Scheme 1. A schematic illustration for the synthetic route of the Au@InP NPAs.
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2.4. Structure and computational detail

Density functional theory (DFT) calculations were performed by
the Materials Studio with the CASTEP mode. The Per-
deweBurkeeErnzerhof (PBE) form exchange-correlation functional
was used within the generalized gradient approximation (GGA).
The cutoff energy of 360 eV and MonkhorstePack grids of 3� 3� 1
for InP (1 1 1) facet and 5� 5� 1 for Au (1 1 1) facet were used to
carry out geometry optimization and electrostatic potentials. Dur-
ing the geometry optimization, all atoms were allowed to relax
without any constraints until the convergence thresholds of
maximum displacement, maximum force, maximum stress and
energy were smaller than 0.0001 Å, 0.01 eV/Å, 0.02 GPa and
1.0� 10�6 eV/atom, respectively.

3. Results and discussion

The surface morphologies and microstructures of the as-
prepared samples were investigated by FESEM. Fig. 1a shows that
the as-anodized arrays are composed of tightly packed unclogged
pores at the top. The average pore diameter and wall thickness of
the nanopores were estimated to be 70 nm and 60 nm, respectively.
The cross-section analysis showing ordered InP NPAs architectures
are clearly evident and nanopores grew in a highly perpendicular
orientation on the InP substrate (Fig. 1b). Notably, the pores walls
are very smooth, and that these highly ordered InP NPAs possess
Fig. 1. (a) Top and (b) cross-sectional SEM images of InP nanopore arrays obtained from a tw
arrays: (c) top view (a high magnification is shown in the inset). (d) cross-sectional view (
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large surface area, which is highly favorable for deposition of Au
NPs. Fig.1c and d illustrate the SEM images for the vertically aligned
porous InP after coverage with Au NPs. Fig. 1c shows that the InP
sample decorated with Au NPs shows similar morphology with that
of the bare InP sample. Moreover, it can be seen that Au NPs are
highly deposited on the surface of InP nanopore and the absence of
Au bulks deposited on top of the InP pores, indicating that this
method effectively suppresses deposition at the pore entrances,
therefore preventing pore clogging. It is noted that the surface
roughness of InP increased after Au deposition. Fig.1d shows a large
amount of Au NPs uniformly dispersed on the side walls of the InP
nanopore. The obtained Au NPs samples show monodisperse dis-
tribution with an average particle size of 15 nm. The element dis-
tributions analyzed using mapping analyses are shown in Fig. 2a-d.

In order to investigate the formation process of Au NPs, the cycle
times for Au@InP was studied. Herein, dense Au NPs were obtained
on the surface of InP NPAs as the cycle times increased from 1 time
to 5 times (Fig. 3). However, it must be mentioned that the size of
Au particle almost maintains the same value (~15 nm) along with
the increase of cycle times. The results indicate that the density of
Au NPs on the surface of Au@InP can be easily tuned by changing
the cycle times in wet impregnation and electrodeposition process.

In order to demonstrate the metallic state of the Au NPs, X-ray
photoelectron spectroscopy (XPS) was performed to investigate the
elemental composition and chemical states of Au@InP NPAs. The
full survey spectra of the Au@InP NPAs revealed the presence of In,
o-step etching. SEM images of Au nanoparticles deposited (3 cycles) on InP nanopore
a high magnification is shown in the inset).
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Fig. 2. EDS pattern of Au@InP NPAs.

Fig. 3. SEM of (a) InP nanopore arrays; (b) Au-1@InP; (c) Au-3@InP; (d) Au-5@InP.
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P, and Au (Fig. 4a). The high-resolution In 3d XPS spectra were
ascribed to In 3d5/2 and In 3d3/2 correspondingly centered at
binding energies of 444.3 eV and 452.6 eV (Fig. 4b), which were
consistent with the typical values of InP [50]. The high-resolution P
2p core-level XPS spectra had three peaks centered at 128.5 eV,
129.3 eV and 133.3 eV (Fig. 4c). The peaks located at 128.5 eV and
129.3 eV corresponded to the P 2p3/2 and P 2p1/2, respectively,
whichwere consistent with the typical values of InP. The other peak
located at 133.3 eV could be attributed to native oxide P-O. The Au
4f core-level XPS spectra (Fig. 4d) have two peaks of Au 4f7/2 and Au
4f5/2, which were respectively centered at 84.0 and 87.7 eV, and
confirmed the metallic state of the Au NPs in the Au@InP NPAs [44].

XRD pattern of Au@InP NPAs is displayed in Fig. 5. Two strong
157
diffraction peaks centered at 31.6�, 63.5ºcorresponding to the cubic
InP (JCPDS Card 01-070-2513). Three additional diffraction peaks
were observed at 38.2�, 44.4� and 77.6� were ascribed to the (111),
(200) and (311) crystal plane of the cubic phase Au, respectively
(JCPDS no. 03-065-2870).

The PEC activity of the pure InP NPAs and Au@InP NPAs com-
posite electrodes toward PEC hydrogen production was systemat-
ically investigated. It was found that the optimal photocurrent
density obtained for the Au decorated InP NPAS was Au-3@InP
NPAS (Fig. 7). The Au-3@InP NPAs was selected in this experi-
ment. Fig. 6 shows the representative curves of chopped sweep
potential-current density (V-J) obtained from a pristine InP NPAs
electrode and a Au-3@InP NPAs electrode using a simulated solar



Fig. 4. XPS spectra of Au@InP samples: (a) survey spectra of Au@InP; (b) In 3d; (c) P 2p; (d) Au 4f.

Fig. 5. XRD pattern of Au@InP composite.
Fig. 6. I-V curves of pristine InP and Au loaded InP nanopore arrays photoanodes
under chopped simulated sunlight.
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light illumination of 100mWcm�2 (AM 1.5 G). The PEC measure-
ments were carried out in a three-electrode electrochemical cell,
with a Pt mesh and an Ag/AgCl electrode as the counter and the
reference electrode, respectively. An aqueous solution of 0.35M
Na2S and 0.5M Na2SO3 (pH 13.6) was used as an electrolyte and a
sacrificial reagent, respectively. Here, chopped illumination was
used to emphasize the effect of light-on and light-off. The photo-
current response toward light ON-OFF cycling of InP NPAs and Au-
3@InP NPAs are shown in Fig. 6, from which a steady and prompt
15
photocurrent generation can be observed during ON and OFF cycles
of illumination. Moreover, the pristine InP NPAs electrode gener-
ated a photoanodic current under light illumination, indicating that
the prepared InP NPAs have an n-type character because the
starting materials were n-type InP. We found that both of the
samples exhibited fast light response and excellent switching per-
formance. Upon illumination, an anodic current spike appears
because of the transient effect in power excitation, followed by a
8



Fig. 7. I�V curves of Au-1@InP, Au-3@InP and Au-5@InP photoanodes under light
illumination.
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fast decrease to steady state photocurrent. When the light is
switched off, the current density quickly come to zero, which in-
dicates that there was non-Faradic reaction in darkness.

Fig. 6 displays the photocurrent onset potential (defined as the
potential at which Jp¼ 1mA cm�2) of the pristine InP NPAs was
around �0.80 V (vs. Ag/AgCl). In contrast to the pristine InP NPAs,
Au-3@InP NPAs have an earlier and much more abrupt onset po-
tential, which was negatively shifted to ca. �0.95 V (vs. Ag/AgCl)
after the modification of InP NPAs by Au nanoparticles. The nega-
tive shift of the onset potential is characteristic of a photocatalytic
enhancement, since the Au nanoparticles could significantly facil-
itate the transfer of photogenerated holes from the semiconductor
to surface at low bias. Furthermore, it is observed that the photo-
current density of Au-3@InP NPAs is much higher than that of
pristine InP NPAs. For the pristine InP NPAs, the photocurrent in-
tensity is ~2.8mA cm�2 at a potential of �0.7 V vs. Ag/AgCl. In
contrast, a saturated oxidation current density of ca.10.2mA cm�2

was obtained at the Au-3@InP NPAs electrode. This result further
verifies the essential role of Au nanoparticles in enhancing the PEC
activity of InP NPAs electrode. The earlier onset potential and the
higher plateau photocurrent density indicate that Au-3@InP NPAs
composite photoanode exhibited significantly enhanced PEC ac-
tivity within the entire potential sweep region, in good agreement
with the results reported in other plasmon-enhanced water split-
ting systems [23,41,44,51]. The significantly enhanced photocurrent
and negative shift of onset potentials of Au-modified InP photo-
anode, could be ascribed to the improved holes transfer to the
electrode surface. These results indicate Au@InP NPAs have higher
charge separation efficiency.

In order to examine the influence of the deposition amount of
Au on the photoactivity of the Au@InP composite photoanodes, we
tested the Au@InP composite electrode prepared with different
deposition cycles. The photocurrent responses toward light ON-OFF
cycling of Au@InP with different deposition cycles are shown in
Fig. 7. All the Au@InP composite photoanodes exhibited higher
photocurrent density and lower onset potential than that of pris-
tine InP. The photocurrent of Au@InP NPAs firstly enhances along
with the increase of deposition cycles and reaches a maximumwith
the deposition number of 3 cycles, followed by a decrease with
further increase deposition cycles. This result demonstrates that
the amount of Au in the Au@InP NPAs composites was extremely
crucial to PEC activities, and Au NPs at a suitable level can
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effectively improve the PEC activity of InP NPAs electrode; while an
excess of Au on the electrode could hinder the charge transfer and
photon absorption owing to the covering effect of Au NPs.

Based on the above results, the Au@InP NPAs composites pho-
toanodes shows a significantly improved PEC activity compared
with pristine InP. Therefore the improvement in PEC activity should
be directly related to the hybrid nanostructure.

It is important to clarify the underlying reason for the significant
improvement in the PEC performance of these Au modified InP
samples. We then calculated the work function of the materials via
density functional theory (DFT) to reveal the charge injection be-
haviors at the Au@InP interface. The optimized structures of the InP
(111) and Au (111) facets are shown in Fig. 8. After geometry opti-
mization, the average potential profile along C axis was calculated
to acquire the work functions of InP (111) and Au (111) facets. The
work function of the semiconductor is another effective means to
estimate the charge transfer direction of different semiconductors.
Thus the work functions of InP (111) and Au (111) facets is calcu-
lated according to the following equation:

F ¼ Evac � EF (1)

Where Evac and EF are electrostatic potential of the vacuum energy
and Fermi energy, respectively. The calculated results indicate that
the work functions of the InP (111) and Au (111) facets were 4.30
and 5.25 eV, respectively. As is well-known, different work function
of semiconductor andmetal will lead to energy band bending when
they are bring into intimate contact [2]. Therefore, when InP and Au
form intimate contact, the electrons will transfer from InP to Au as
the Fermi level of InP is higher than that of Au, and resulting in a
upward energy band bending at the Au@InP interface [52]. Based
on the calculation of work function and the improved PEC perfor-
mance of Au@InP, a possible mechanism for the enhanced PEC
activity of the Au@InP photoanodes is proposed. InP semiconductor
absorbs photons and generates electron-hole pairs under solar-
light irradiation. Without the deposition of Au nanoparticles, the
Fig. 8. The calculation model for pure samples of InP (a) and Au (b).



Fig. 9. Schematic illustration of charge transfer mechanism of Au@InP under light
irradiation.
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photo-generated electrons and holes are likely to recombine
rapidly which results in a low PEC activity. However, after depos-
iting Au nanoparticles on the surface of InP, the photo-generated
electron will transfer rapidly from InP to Au because of the strong
internal potential field formed at the Au@InP interface, which
thereby inhibit the recombination of electronehole pairs.

Based on the results above, the greatly improved PEC perfor-
mance in this Au@InP photoelectrode system can be understood as
follows: the 1D nanoarrays structures largely increases InP active
sites and enhances the light absorption ability; the photo-induced
electrons of InP transfer to Au nanoparticles and then are
collected by current collector and finally transferred to the cathode
(Fig. 9), while holes accumulated on the surface of InP and are
consumed by Na2S and Na2SO3 sacrificial regents with enhanced
PEC performance. Furthermore, due to the different work functions
of InP and Au (as demonstrated in the DFT results), a Schottky
barrier was formed, which act as an electron collector and trans-
porter to prolong the lifetime of the charge carriers, thus improving
the separation of electronehole pairs. Therefore, the construction
of Au@InP arrays demonstrates an efficient approach to couple
noble metal with InP photoanodes for solar fuel technologies.
4. Conclusions

In summary, the Au@InP composite photoelectrodes were pre-
pared through impregnation and deposition approach. The Au
nanoparticles are dispersed uniformly on the surface of InP nano-
pore arrays and form intimate contact interfaces. In addition, Au
nanoparticles modification does not change the crystal structure
andmorphology of InP nanopore arrays. The modification of Au can
largely enhance the PEC performance of InP nanopore arrays.
Finally, combined with the DFT calculation result of the Au@InP
heterojunction structure, a possible mechanism is proposed to
explain the observed PEC enhancement in the Au decorated InP
sample. Overall, the present work provides a facile and cost-
effective method for the construction of metal/semiconductor
nanoarrays, which have potential applications in the field of energy
storage and conversion.
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One-Step In Situ Self-Assembly of Cypress
Leaf-Like Cu(OH)2 Nanostructure/Graphene
Nanosheets Composite with Excellent
Cycling Stability for Supercapacitors
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Abstract

Transition metal hydroxides and graphene composite holds great promise to be the next generation of high
performance electrode material for energy storage applications. Here we fabricate the cypress leaf-like Cu(OH)2
nanostructure/graphene nanosheets composite through one-step in situ synthesis process, employed as a new
type of electrode material for high efficiency electrochemical energy storage in supercapacitors. A solution-based
two-electrode system is applied to synthesize Cu(OH)2/graphene hybrid nanostructure, where anodic graphene
nanosheets firmly anchor cathodic Cu(OH)2 nanostructure due to the electrostatic interaction. The in situ self-
assembly of Cu(OH)2/graphene ensures good structural robustness and the cypress leaf-like Cu(OH)2 nanostructure
prompt to form the open and porous morphology. The hybrid structure would facilitate charge transport and
effectively mitigate the volume changes during long-term charging/discharging cycles. As a consequence, the
Cu(OH)2/graphene composite exhibits the highest capacitance of 317 mF/cm2 at the current density of 1 mA/cm2

and superior cyclic stability with no capacitance decay over 20,000 cycles and remarkable rate capability at
increased current densities.

Keywords: Cypress leaf-like Cu(OH)2 nanostructure, graphene nanosheets, outstanding cycling performance

Introduction
The ever depletion of fossil fuels and aggravation of
environmental pollutions call for urgently exploring
sustainable energy sources and developing energy
storage technologies to meet application requirements
of many electronic devices and hybrid vehicles in our
modern society [1, 2]. As a promising energy storage
device, supercapacitors (SCs) have attracted much at-
tention in view of their small size, high power dens-
ity, fast recharge ability, long lifespan and desirable
operational safety [3–8] There are two classes of SCs,
pseudocapacitors and electrical double layer capacitors
(EDLCs), on the basis of energy storage mechanism

[9]. Carbon material with many advantages of abundance,
non-toxic, large surface area, good conductivity, excellent
chemical durability, is a typical electrode material for
double-layer capacitors (EDLCs), storing charge in the
electric double-layer near electrolyte/electrode surface by
electrostatic adsorption [10–16]. However, carbon mater-
ial generally exhibits a relatively low specific capacitance.
By comparison, many inexpensive transition metal hy-
droxides, such as Ni(OH)2 [17, 18], NiO [19], MnO2 [20],
Co3O4 [21] store energy partially relied on fast reversible
Faradic redox reactions occurring on the electrode sur-
face, offering much higher pseudo-capacitance [22, 23].
Unfortunately, most of them suffer from the intrinsic poor
electric conductivity and undergo huge volume change
during electrochemical processes, which results in the
poor reversibility and short cycle life [24]. Obviously, to
synthesize the high-performance electrode material at a
low cost, it is of great significance to combine easily
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available transition metal hydroxides with carbon material
by a cost-effective and facile fabrication strategy.
Among various transition hydroxides, Cu(OH)2 is

one of the most promising electrode material because
of its natural abundance, environmentally friendly and
fast redox couple [25–27]. Besides the above -men-
tioned characteristics of most carbon material, gra-
phene has an exceptionally large specific surface area,
whose major surfaces are exposed to the electrolyte,
exhibiting a high specific capacitance (550 F/g) [28].
To improve the electric conductivity and enhance capacity
of electrode, Cu(OH)2 and graphene composite have been
designed as electrode, efficiently inhibiting the volume
changes of Cu(OH)2 and preventing serious agglomer-
ation and re-stacking of graphene because the typical flex-
ible and robust nature of graphene enable electrode
materials to effectively maintain the structural integration
[26, 29–31]. Mahanty et al. presented that the reduced
graphene oxide/Cu(OH)2 composite, which exhibited a
high capacitance of 602 F g−1 and good capacitance reten-
tion of 88.8% over 5000 cycles. Both specific capacitance
and cyclic stability were dramatically enhanced, compared
with pristine Cu(OH)2 [26]. Ghasemi et al. prepared
Cu2O-Cu(OH)2-graphene nanocomposite by multiple
steps, including electrophoretic deposition and electrode-
position techniques, exhibited specific capacitance of 425
F g−1 and maintained about 85% of initial capacitance with
a current density of 10 A g−1 after 2500 cycles [32]. Al-
though supercapacitive properties have been enhanced in
the report, most of these approaches are complicated and
expensive. Furthermore, the cycling stability of reported
Cu(OH)2/graphene composite for supercapacitance needs
to be further improved.
In this work, we report the one-step in situ

self-assembly of cypress leaf-like Cu(OH)2 nanostruc-
ture/graphene nanosheets composite realizes in a
two-electrode system, where graphene nanosheets
generate from electrochemical exfoliation of graphite
at anode and simultaneously Cu(OH)2 nanostructure
forms on Cu foam at cathode. The morphology and
structure, together with the interaction between dif-
ferent components of nanocomposite would influence
their electrochemical energy storage properties. The
transparent few-layer graphene nanosheets firmly an-
chor on cypress leaf-like Cu(OH)2 surface, forming a
porous, open and interconnected structure. This
unique hybrid structure is expected to endow this com-
posite fast charge transfer velocity, high electrochem-
ical activity, and excellent stability. As a result, the
Cu(OH)2/graphene composite presents excellent elec-
trochemical energy storage performance with high spe-
cific capacitance and wonderful cyclic stability over
20,000 cycles, making it an ideal electrode material for
high-performance SCs.

Methods Section
Sample Preparation
The copper foam (10 × 15 × 1.6 mm3, Xiamen Yong-
changshuo Electronic Technology Co. Ltd., China) and
graphite foil (10 × 15 × 1.0 mm3, Shanghai Alfa Aesar
Chemical Co. Ltd., China) slices were washed in an
ultrasonic bath with absolute ethanol and DI water for
15 min respectively [33], afterward the slices were placed
in deionized water for later use. As illustrated in Fig. 1,
the electrochemical synthesis process was implemented
in a two-electrode cell system [9], where graphite foil
acts as anode and Cu foam acts as cathode. In order to
achieve in situ self-assembly of cypress leaf-like Cu(OH)2
nanostructure/graphene nanosheets composite, the elec-
trolyte is a mixed solution of 0.1M (NH4)2SO4 (100 mL)
and NH3·H2O (3 mL). When the two-electrode cell sys-
tem was applied to a direct current voltage of 7 V for 1
h, at anode the graphite foil was electrochemically exfoli-
ated and decomposed into a lot of graphene nanosheets
and at cathode Cu foam was corroded into cypress
leaf-like Cu(OH)2 by NH3·H2O.

Cuþ 6 NH3 þ 2 H2O→ Cu NH3ð Þ6
� �2þ þ 2 OH− þH2↑

ð1Þ

Cu2þ þ 2 OH− → CuðOHÞ2 ð2Þ

Driven by the electric field, the exfoliated graphene
nanosheets with residual negative charges at its edge
were electrically attracted to the surface of cathodic
Cu(OH)2, assembling into this unique porous nanostruc-
ture. The resulting cypress leaf-like Cu(OH)2 nanostruc-
ture/graphene nanosheets composite was air dried.

Characterizations
The X-ray diffraction (XRD) was carried out on a
Rigaku Ultima IV X-ray Diffractometer by Cu Kα ra-
diation with the scan rate of 2°min−1 over a 2θ range
from 10° to 80°. Raman spectroscopy was acquired on
Renishaw in a Via-reflex system, with the excitation
source of a laser wavelength (532 nm). We obtain the
details of morphology, structure, crystal size, and
other parameters by field emission scanning electron
microscopy (FESEM, Zeiss Ultra Plus), transmission
electron microscope (TEM), and selected-area elec-
tron diffraction (SAED) (JEOL JEM-2100F operating
at 200 kV). The surface chemical components and
valance states of the sample were researched by X-ray
photoelectron spectroscopy (XPS).

Electrochemical Measurements
The electrochemical measurements of the Cu(OH)2/
graphene composite on Cu foam was implemented in
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a three-electrode configuration with a Ag/AgCl elec-
trode as reference electrode and a Pt plate electrode
as counter electrode in 1M KOH electrolyte. The
cyclic voltammetry (CV), and electrochemical imped-
ance spectroscopy (EIS) tests were conducted on
PARSTAT 4000. The CV curves and galvanostatic
charge-discharge measurements (GCD) were carried
out within the potential window from 0 V to 0.6 V,
respectively. The GCD and cyclic stability were per-
formed on LAND CT-2001A. The EIS was tested
with no bias voltage with the frequency range of
0.01–100 kHz. The area capacitance of the sample
was calculated by the following equation:

C ¼ Jt
ΔV

ð3Þ

, in which C (mF cm−2) represents the area capaci-
tance, J (mA cm−2) is the current density, t (s) is the
discharging time, ΔV (V) is the voltage window for
cycling tests.

Results and Discussions
The formation and phase purity of Cu(OH)2/graphene
composite were studied by X-ray diffraction (Fig. 2a).
The peaks marked with an asterisk at 43.4°, 50.6°, and
74.4° are corresponding to the metallic copper (JCPDS
04-0836) of the copper foam. While the diffraction peaks
located at 16.7°, 23.9°, 34.2°, 36.0°, 38.3°, 39.9°, 53.5°, 55.3°,
56.5°, and 65.0° are in good agreement with Cu(OH)2
(JCPDS 01-080-0656). The sharp peaks in the diffraction
pattern indicate that the synthesis material has good
crystallinity and high pure Cu(OH)2 phase. Raman spec-
troscopy is a significant instrument for characterization
of carbon materials. Figure 2b shows the Raman
spectrum for the Cu(OH)2/graphene composite. The Ra-
man spectra exhibit three noticeable peaks at 1349 cm−1,
1579 cm−1, and 2715 cm−1 corresponding to the D-band,
G-band, and 2D-band of graphene, respectively, which
confirmed the existence of graphene [9].
Figure 3 displays the morphology and structure of cy-

press leaf-like Cu(OH)2 nanostructure/graphene nano-
sheets. As shown in Fig. 3a, a typical FESEM image
shows that the Cu(OH)2 nanostructure interweave with

Fig. 1 Schematic diagram of the experimental set-up of one-step in situ self-assembly of Cu(OH)2/graphene composite

Fig. 2 a X-ray diffractogram and b Raman spectra of Cu(OH)2/graphene composite
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the graphene nanosheets to form a highly open and
porous interconnected nanostructure. Figure 3b pre-
sents the enlarged FESEM image of some representa-
tive Cu(OH)2/graphene composite and indicates that
the in situ synthesized Cu(OH)2 composed of short
one-dimensional nanorod has a similar morphology of
cypress leaf and the graphene nanosheets are ultrathin
and transparent. This Cu(OH)2/graphene hybrid nano-
structure is expected to have a large surface area,
good ion accessibility, and mechanical adhesion.
The detailed nanostructure of the Cu(OH)2/graphene

composite is analyzed by TEM. The low magnification
TEM image in Fig. 4a shows that the cypress leaf-like
Cu(OH)2 nanostructure attached to ultrathin graphene
nanosheets, which be consistent with the SEM images.
We performed selected area electron diffraction (SAED)
of graphene as shown in the inset Fig. 4a. The
well-defined diffraction spots and hexagonal diffraction
pattern confirm the crystalline structure of the graphene
nanosheets obtained via exfoliation from graphene foil.
From the high-magnification TEM images (Fig. 4b), we
can find the branches of cypress leaf-like Cu(OH)2 nano-
structure have an average length of 300 nm and diameter

of 15 nm. Moreover, the clearly visible diffraction spots
in the SAED pattern (inset of Fig. 4b) reveals that the
branch of cypress leaf-like Cu(OH)2 has a good crystal-
linity. The diffraction spots with a calculated d-spacing
of 0.25 nm, 0.22 nm, 0.16 nm, and 0.14 nm can be associ-
ated with the (111), (130), (151), and (152) facet of
Cu(OH)2. Figure 4c depicts a HRTEM image and the lat-
tice fringe of 0.22 nm is assigned to (130) facet of
Cu(OH)2. Observation of clear lattice fringe further con-
firms the formation of the branches of cypress leaf-like
Cu(OH)2 with good crystallinity.
The chemical valence states and element composition

are characterized by deconvoluted XPS spectra as pre-
sented in Fig. 5. The XPS of Cu 2p is displayed by Fig.
5a. The peak observed at 954.5 eV and 934.6 eV are
indexed to Cu 2p1/2 and Cu 2p3/2 peaks of Cu

2+, respect-
ively, indicating the existence of Cu(OH)2. Due to the
Cu foam as substrate, the characteristic peaks at 952.1
eV and 932.3 eV are from Cu 2p1/2 and Cu 2p3/2. The C
1s XPS spectrum (Fig. 5b) of Cu(OH)2/graphene is
deconvoluted into three peaks: C=O (288.5 eV), C-OH
(285.6 eV), and C-C (284.8 eV), respectively. O 1s spectra
(Fig. 5c) has two contributions: the two peaks at 531.6

Fig. 3 FESEM images of the Cu(OH)2/graphene composite at a low and b high magnification

Fig. 4 a TEM image of the Cu(OH)2/graphene composite. The inset SAED pattern originates from graphene nanosheets. b High-magnification TEM
image with the SAED of one branch of cypress leaf-like Cu(OH)2 in the inset. c High-resolution TEM image of the marked area in Fig. 4b
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eV and 530.1 eV can be assigned to the oxygen species in
Cu(OH)2 and CuO, respectively, the other two peaks at
532 eV and 533 eV originates from C-O and C=O,
respectively.
The electrochemical charge storage capability of the

Cu(OH)2/graphene nanocomposite was investigated by tak-
ing them as working electrodes. The cyclic voltammogram
(CV) curves of Cu(OH)2/graphene are shown in Fig. 6a,
when tested at various scan rates with the range from 5
mVs−1 to 100mVs−1. A pair of well-defined redox peaks is
obviously observed in each curve, corresponding to the re-
versible reaction of Cu2+ ↔ Cu1+. The reversible redox re-
actions can be expressed as [27]

2 Cu OHð Þ2 þ 2 e− ⟺Cu2O þ 2 OH− þH2O ð4Þ

With increasing scan rate, CV curves maintain a simi-
lar profile and the current response increased, indicating
the good rate capability and good reversibility of Faradic
reactions [17, 27]. Meanwhile, the oxidation and reduc-
tion peak respectively shift to more positive and more
negative potentials, due to the limited ion diffusion time
or high-electron hopping resistance [34].
Figure 6b displays the area capacitance and galvano-

static charge-discharge curves at different current
densities of 1, 2, 4, 8, and 10mA cm−2. The galvanostatic

Fig. 5 XPS spectra of a Cu 2p, b C 1s. and c O 1s

Fig. 6 Electrochemical performance of the Cu(OH)2/graphene composite. a CV curves. b The specific capacitance and galvanostatic charging/
discharging curves. c Area capacitance and Coulombic efficiency at a current density of 2 mA cm−2. d Nyquist plot of the Cu(OH)2/graphene
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charge-discharge curves of the composite electrode
exhibit the typical pseudo-capacitive nature, which finely
agrees with its CV curves. The Cu(OH)2/graphene
composite achieves the highest area-specific capacitance
of 317 mF cm-2 at a current density of 1mA cm-2. The
specific capacitance can maintain 303, 293, 280, 273
mF cm−2 at different current densities. The Cu(OH)2/
graphene nanocomposite electrode shows a good rate
capability with only 14% capacitance loss at a high current
density of 10 mA cm−2, which can be ascribed to the
unique nanostructure in favor of fast and efficient
electrolyte ion diffusion and charge transfer [17].
The cycling stability of the Cu(OH)2/graphene nanocom-

posite electrode was studied by charging-discharging cyc-
ling measurements at the constant current density of 2mA
cm−2 (Fig. 6c). The specific capacitance till 20,000 cycles
keep the initial value of 303 mF cm−2 with 100% retention,
exhibiting the outstanding cycling performance. Moreover,
the Coulombic efficiency can maintain 100% which further
demonstrates that the electrode possesses good electro-
chemical stability. Form Fig. 6d, the intercept value about
2.35 on real axis represents the internal resistance (RS) in
high-frequency area. The slightly high internal resistance is
mainly attributed to the inherent resistance of active mater-
ial, due to the natural defect in electric conductivity of
Cu(OH)2. The slope of the Nyquist plot reflects the War-
burg impedance, which demonstrates a low electrolyte dif-
fusion resistance. The open porous Cu(OH)2/graphene
nanocomposite nanostructure with large surface area en-
dows the electrode with abundant reactive sites and shorten
ion diffusion path.
The excellent electrochemical energy storage properties

of the Cu(OH)2/graphene nanocomposite are ascribed to
the following reasons: (i) the 3D Cu foam substrate
analogous to the reported Ni foam also has many advan-
tages of high-electric conductivity, large surface area,
microscale pores and many flow channels, providing the
active material with high mass loading, and large effective
surface area [35, 36]; (ii) due to the cypress leaf-like
Cu(OH)2 synthesized by in situ oxidation of Cu foam, this
binder-free electrode not only reduce the dead volume
effect and the internal resistance but also prompt the
effective charge transfer and fast redox reactions [37, 38];
(iii) the electric conductivity of the Cu(OH)2 can be im-
proved by assembling with graphene, facilitating the
electrolyte ions diffusion and electron transport [39]; (iv)
to some extent, the volume changes of Cu(OH)2 and
especially the agglomeration of graphene all can be alle-
viated, increasing the stability of both nanostructure
and electrochemical performance during continuous
charge-discharge processes [29]; (v) the unique open,
porous, and interconnected nanostructure can reserve
electrolyte ions to ensure the sufficient redox reactions
particularly at high current densities [40].

Conclusions
We have adopted a simple electrochemical method
based on solution to in situ synthesize cypress leaf-like
Cu(OH)2 nanostructure/graphene nanosheets on Cu
foam serving as a promising electrode for supercapaci-
tors. This novel hybrid nanostructure endows the
Cu(OH)2/graphene nanocomposite with abundant redox
reactions, good charge transfer, and short electrolyte ion
diffusion pathway. When evaluated as the electrode
material for supercapacitors, the Cu(OH)2/graphene
nanocomposite demonstrates high reversible capacitance
of 317 mF cm−2 and excellent stability with 100 % reten-
tion over 20,000 cycles at current densities of 2 mA cm−2

and remarkable rate capability at increased current dens-
ities. This synthesis method will open a new door for the
facile fabrication of other hydroxides and provides an
effective strategy for remarkable electrochemical energy
storage devices.
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Abstract
Stable luminescent colloidal silicon (Si) nanocrystals (NCs) with sufficient surface protection are
prepared through femtosecond laser ablation in organic solvent containing diverse
concentrations of HF solution. The average size of Si NCs shows the decreasing tendency from
6.5 to 2.7 nm when the concentration of HF varies from 0 to 11.1 vol% (volume ratio). In line
with the structural evolution, UV–visible absorption, photoluminescence (PL) excitation spectra,
and time-resolved PL, we propose that room temperature blue emission peaks at 412 and 440 nm
originate from alkyl-related radiative recombination centers. The enhanced PL quantum yield of
colloidal Si NCs from 16.3% to 76.5% has been attributed to the effective passivation and
suppression of non-radiative defect centers with increasing HF concentration from 0 to
11.1 vol%.

Keywords: colloidal silicon nanocrystals, emission quantum yield, femtosecond laser ablation

(Some figures may appear in colour only in the online journal)

Ever since the luminescence emitted from silicon (Si) nano-
crystals (NCs) was reported for the first time in 1990 [1],
quantum-scale Si NCs have been considered as promising
luminous materials with adjustable emission color and
environmental friendliness properties. Recently, based on the
low-cost, simplified operation by solution-supported tech-
nology [2], colloidal NCs have received extensive attention in
photoelectric and biotic applications, for instance photo-
detectors [3], luminous diodes [4], solar cells [5] and bio-
imaging tools [6]. To control the photoelectric properties and

chemical reactivity of colloidal Si NCs within these applica-
tions, it is necessary to develop the surface functionalization
of Si NCs [7]. Many effective organic ligands such as hydride
[8] and halogen [9] groups have been applied to Si nano-
materials. However, easily oxidized and kinetically labile
properties for hydride and halogen passivation lead to the
relatively low photoluminescence (PL) quantum yields
(QYs). It is reported that alkyl groups terminated on the Si
NCs surface ensure colloidal stability and minimize oxidation
which is detrimental to optical and electronic properties,
without showing degradations in ambient air [10]. Therefore,
it is important to modify Si NCs surface by alkyl groups.
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Owing to the advantageous solution properties and stability,
styrene has been a preferred choice for Si NCs surface
functionalization [11, 12].

There are various techniques for fabricating colloidal Si
NCs with alkyl termination, such as plasma enhanced che-
mical vapor deposition of silane [13], hydrosilylation [14],
and wet-chemical synthesis [15]. It has been proved that the
technology of laser irradiation in solution is a one-step pro-
cess to fabricate alkyl-terminated colloidal Si NCs [16]. The
Si targets are irradiated under a high power laser irradiation so
that the fragmentation processes efficiently take place, leading
to the generation of Si NCs. Simultaneously, the surfaces of
colloidal Si NCs are terminated by alkyl groups through the
effective reactions between the reactive solution and NCs
[16]. Alkyl termination on the surface can refrain colloidal Si
NCs from agglomeration via steric barriers or electrostatic
repulsion, and ensure the high dispersibility and stability in
solution. The PL QYs of laser irradiation in liquid process is
relatively lower (∼10%–25%) [17, 18] than those prepared by
other methods. Miyano et al [19] have reported that the high
PL quantum yield (PL QY, 55%) has been promoted by the
combination of hydrosilylation procedure with photo-initiated
reaction under UV irradiation. Mangolini et al [20] and
Jurbergs et al [21] have discovered that high PL QYs have
exceeded 60% from plasma-based synthesis. Besides, Li et al
[22] have reported that the strongly enhanced fluorescence
with PL QYs up to 75% for Si NCs after a novel surface
modification have been obtained. By comparison, it has
become a challenge to improve the PL QYs of alkyl-passi-
vated Si NCs fabricated by laser irradiation in liquid
environment. It is reported that the PL intensity of Si NCs is
generally restricted by non-radiative recombination of exci-
tons. The Pb defect centers, which act as non-radiative
recombination centers, are found to reside at the Si/SiO2

interface layers, leading to relatively low luminescence
intensity [23]. Therefore, it is necessary to lessen the Pb defect
centers to enhance PL QYs.

We have recently published the work [24], which mainly
focuses on the effect of the laser ablation time (LAT) on the
micro-structure and optical properties. It is found that, with
increasing LAT from 30 to 120 min, the size of the prepared
colloidal Si NCs decreases from ∼4.2 to 1.4 nm, the
corresponding PL QY enhances from 23.6% to 55.8%. The
surfaces of prepared colloidal Si NCs have been well passi-
vated by carbon chains and partly oxidized as confirmed by
FTIR and XPS measurements. The blue PL bands at 405 and
430 nm have been assigned to the electron–hole pair recom-
bination associated with Si–C–H2 and Si–O–Si vibration
phonons, respectively.

However, on the one hand, laser ablation in the organic
solvent in preparing alkyl-terminated colloidal Si NCs usually
makes its size distribution wider, and the productivity is
relatively low due to the uses of high power pulsed laser. On
the other hand, the presence of oxidization layers can result in
the degradation of PL from Si NCs, which further leads to the
decrement of the PL QYs. This influence is a severe problem
for light-emitting devices and bio-imaging applications. Thus,
it is urgent to improve the QY of alkyl-terminated Si NCs

prepared by laser irradiation method to meet the need of opto-
electronics devices applications.

In this work, we investigate the significant effect of HF
etching on the structural transformation, PL properties, and
significant improvement of PL QYs for colloidal Si NCs. It is
clearly found that the average sizes and PL QYs of Si NCs are
dependent on HF concentration for laser irradiation in HF-
contained organic solution. The size distribution of the pre-
pared colloidal Si NCs varies from ∼6.5 to 2.7 nm with
increasing HF concentration from 0 to 11.1 vol% (volume
ratio) and the measured PL QY is found to enhance from
16.3% to 76.5% with increasing HF concentration. The
influence of surface trap states on the PL behavior adds the
complexity of accurate interpretation, the underlying mech-
anism of the prepared Si NCs with the bright blue lumines-
cence is discussed as well. It is considered that alkyl-related
radiative recombination centers are introduced to initiate the
blue emission. The advanced method of laser ablation tech-
nique in liquid containing HF provides a simple, flexible and
inexpensive way for preparation of high-quality colloidal
Si NCs.

The obtained colloidal Si NCs were fabricated by fem-
tosecond (fs) laser ablation as discussed in a previous pro-
cedure [25]. Briefly, porous Si powder (80 mg, Aladdin),
styrene (>99%, 10 ml, Aladdin) and a diverse amount of HF
acid solution were mixed in the quartz cuvette, respectively,
acting as the target materials. The laser beam was focused
on the target materials by performing a Ti:sapphire fs laser
(worked with 800 nm wavelength, 100 fs pulse width,
80 MHz frequency and 0.15 mJ cm−2 laser fluence, respec-
tively). During the fs laser ablation, magnetic stirrer was used
to continuously stir the reactive solution. The fabricated
colloids samples were named as Sx (x=1, 2, 3, and 4) with
corresponding HF concentration=0, 3.0, 5.9, and 11.1 vol-
%, respectively. After finishing fs laser ablation for 2 h, the
prepared solution was firstly centrifuged at 12 000 rpm for 1 h
and then the supernatant liquid was collected by a membrane
filter with around 200 nm of each pore size so as to get the
colloidal solution for the following structure and optical
properties measurements.

The structural properties including the generation and
morphology of the obtained colloidal Si NCs were analyzed by
high resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100F) and microprobe Raman spectra measure-
ments (Renishaw, inVia-Reflex), respectively. The terminal
chemical bonding construction of the colloids was investigated
by using a Fourier transform infrared (FTIR) spectrometer
(ThermoFisher, Nicolet 6700) within the 400–4000 cm−1

range. X-ray photoelectron spectroscopy (XPS) spectra
(ThermoFisher, ESCALAB 250 XI) was employed to analyze
the bonding configurations. Electronic spin resonance (ESR)
measurements were performed with an X-band spectrometer
(Bruker, about 20.65 GHz) at room temperature. UV–visible
(UV–vis) absorption measurements were carried out using a
Perkin-Elmer Lambda 35 spectrometer. Room temperature PL
and PL excitation (PLE) spectra were monitored via a Hitachi
High-Technologies F-7000 fluorescence spectrophotometer.
The PL decay curves were measured by using a 405 nm diode
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laser with a pulse width of 60 ps as the excitation source. The
PL QYs of colloidal Si NCs in styrene solution were performed
by using a Edinburgh FLS920 system under the excitation at
380 nm.

Figure 1(a) shows Raman spectra of S1–S4 prepared by
the fs laser ablation in styrene solution. Owing to the first-
order modes scatter at Brillouin zone center, a Raman active
peak at around 520 cm−1 with the full width at half maximum
(FWHM) of 3.4 cm−1 is found in the Raman spectrum of
crystalline Si [26]. The Raman peaks of S1–S4 features at
519, 518, 517 and 516 cm−1, and the corresponding FWHM
is 11.3, 12.8, 14.5, and 15.5 cm−1, respectively. The Raman
peak positions of all the samples shift to smaller frequency in
comparison with that of crystalline Si, together with widening
FWHM, demonstrating the presence of ultrafine Si NCs [27].
It is generally accepted that phonon confinement model is
considered as the main mechanism accounting for the
observed size-dependent Raman characteristic. Crystal
momentum keeps no longer conserved in small Si NCs, then
phonon modes prefer in Si NCs rather than at the Brillouin
zone center, giving rise to the phonon density of states, which
results in downshift and broadening of the Raman peak [28].
The size-dependent characteristic of Raman peak position for
Si NCs can be directly reflected by the phenomenological law
[29]: wD = - /d19.856 .1.586 Where Δω represents the value
of downshift for Raman peak position of Si NCs with respect
to that of crystalline Si, and d (in nm) is the average diameter

of Si NCs. The average diameters for S1–S4 are 6.5, 4.5, 3.4,
and 2.8 nm, respectively.

The representative TEM images for S1 and S4 are pre-
sented in figures 1(b) and (c), respectively. It can be seen that
plenty of ultrafine nanoparticles are spherical and evenly
dispersed on the grid without aggregation, indicating the
successful passivation on the nanoparticle surfaces [30].
Estimated from the size distribution histograms, the average
diameters of nanoparticles are ∼6.5 and 2.7 nm for S1 and S4,
respectively. With the increase of HF concentration, some
oxidization layers at the surface of Si NCs can be etched
effectively, and the Si–H bonds with weaker mechanical
strength can be formed simultaneously [19]. Thus, the frag-
mentation of porous Si nanoparticles becomes easy, resulting
in a great deal of small-sized Si NCs.

To better understand the structure of nanoparticles,
HRTEM images for S1 and S4 are shown on the upper inset
of figures 1(b) and (c), respectively. From the HRTEM
images, we observe that the crystal lattice fringes with
∼0.3 nm correspond to (111) plane of the Si crystals [31], and
the etched particles keep their crystalline structure. The
corresponding fast Fourier transform diffraction patterns of
the HRTEM images are presented in the lower inset of
figures 1(b) and (c), which indicates lattice spacing of 3.12 Å
for the Si (111) planes [32]. It should be noted that the as-
prepared colloidal Si NCs are quite stable. Three months later,
the colloidal Si NCs still disperse very well without any

Figure 1. (a) Room temperature Raman spectra of all the samples produced in styrene. TEM images of the colloidal Si NCs samples prepared
in the styrene solution of S1 (b) and S4 (c). Upper inset: HRTEM image of Si NCs; Lower inset: corresponding fast Fourier transform. The
histograms of the colloidal Si NCs samples of S1 (d) and S4 (e) derived from the TEM images in (b) and (c), respectively. (f) The TEM image
of the colloidal Si NCs of S4 with good dispersion three months later.
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aggregation in solution, and the sizes of all the samples keep
almost unchanged compared with the previous ones, as con-
firmed by the representative TEM image of S4 shown in
figure 1(f).

Figure 2(a) displays the FTIR spectra of S1–S4 to
identify and characterize the terminal bonding constructions
on the surface of Si NCs. The clear absorption bands at
around 753, 880, 1090, 1457, 1635, 2849, 2925 and
3432 cm−1 are ascribed to Si–C stretching vibration, Si–C
symmetric vibration, Si–O–Si stretching, Si–CH2 bending,
Si–OH absorption, symmetric CH2 stretching, antisymmetric
CH2 stretching and Si–OH absorption modes, respectively
[17, 33–36]. It is demonstrated that the emergence of Si–O–Si
bands confirms the formation of oxide layers passivation on
the surface of prepared Si NCs via oxygen [18]. The presence
of Si–C bands for all samples suggests that alkyl-related
molecules have terminated the Si NCs surfaces [37]. The
mechanisms of alkyl-related molecules passivation on Si NCs
surface under fs Laser ablation in solution are interpreted by
cycloaddition reaction, which has been demonstrated in our
previous work [25].

Figure 2(b) shows the calculated intensities of the Si–O–

Si and Si–C bonds by integrating the infrared absorption
bands shown in figure 2(a). The intensities of Si–O–Si
bending mode (1090 cm−1) referring to the structural prop-
erties of SiO2 decrease gradually with increasing HF con-
centration, implying that HF removes significant amount of
surface dioxide layers of colloidal Si NCs [38]. Meanwhile, it
is clear to find that the intensities of alkyl-related absorption
bands (753, 880 and 1457 cm−1) gradually enhance with
increasing HF concentration. Two reasons are responsible for
these increments. On one hand, adding HF to the samples’
solution leads to the passivation by Si–H bands on the Si
surfaces [19]. With increasing HF concentration, more and
more Si–O–Si bonds can be substituted by Si–H bonds. More
unstable Si–H bonds are decomposed and responded to
unsaturated C=C doubles bonds of styrene molecules under
laser ablation so that more alkyl-related bonds are joined on
the Si NCs surface, giving rise to the increment of alkyl-
related bonds intensities. On the other hand, the process of
hydrosilylation and fs laser reaction induces sufficient frag-
mentation from the large sized Si NCs so that plenty of

Figure 2. (a) FTIR spectra of the colloidal Si NCs samples prepared in the styrene solution for S1–S4. (b) The densities of SiO2 and Si–C
bonds (with error bars) as a function of HF concentration in styrene. (c) ESR signals measured for S1–S4. (d) Integrated passivation layers on
the Si NCs surface and Pb center as a function of HF concentration in styrene (with error bars), respectively.
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smaller sized Si NCs have more surfaces functional groups,
resulting in the enhancement of the Si–C bonds intensities
with increasing HF concentration [39]. The broad peak
observed at 3432 cm–1 is ascribed to SiO–H or to moisture
absorbed by the KBr pellet during the measurements [40].

Figure 2(c) shows the high-sensitivity ESR measure-
ments of all samples to identify the signals of any para-
magnetic defects. To get the calibration of ESR signal
intensity and g factor, a Si:P marker sample was kept to be
consistent with colloidal Si NCs sample for per-measurement
[41]. The broad resonance at g≈2.003 is attributed to non-
radiative recombination Pb centers, which originate from Si
dangling bonds between the Si and SiO2 interface regions
[23]. In addition, no other signals from the SiO2 specific
centers E’ϒ [42] and EX [43] which are often contributed to
the blue emission in SiO2 are observed [27, 41]. Figure 2(d)
presents the densities of Si NCs surface passivation layers and
ESR signals of Pb centers as a function of HF concentration,
respectively. It is explicit that the densities of surface passi-
vation layers increase while the Pb defect densities strongly
decrease with increasing HF concentration. This indicates
that the densities of dangling bonds between the Si and
SiO2 interface regions reduce gradually with increasing HF
concentration.

To get further insight into the surface structures and
passivation effect of colloidal Si NCs, XPS measurements of
all samples were performed. Figure 3 presents the exper-
imental and well-fitted Gaussian curves of Si 2p, C1s and O
1s spectra of S1–S4, respectively. The well-fitted Gaussian
peaks at ∼99.5, 101.9 and 103.7 eV in Si 2p spectra are
attributed to bulk Si, Si–C and Si4+ species, respectively
[44, 45]. The presence of Si–C in the 101.9 eV is deemed to
be the charge trapping effect induced by fs irradiation for

organically terminated Si NCs, the similar characteristic has
been reported in [45]. The remaining of Si4+ indicates that
there are some residual oxide overlayers on the surface of Si
NCs. For the C 1s XPS spectra, it is clear to observe that two
well-fitted Gaussian peaks locate at ∼284.8 and 286.2 eV,
respectively. The peak locates at 284.8 eV is ascribed to C–C
and C–H bonds, and that at around 286.2 eV corresponds to
Si–C bonds [46]. In the O 1s XPS spectra, there exists a peak
at around 532.3 eV, corresponding to the Si–O bonds [47].
With increasing HF concentration, the O 1s peak intensity is
observed to decrease gradually. The results of XPS spectra
further demonstrate the well passivation on the Si NCs sur-
face by alkyl-related molecules, as confirmed in FTIR results.

Based on previously reported procedures [25, 37], the
amount of carbon chains on the surfaces of Si NCs is quan-
tified as follows. Considering S4 as a representative, the
calculated proportion of integrated region of Si 2p spectra to
that of the Si–C bonding located at 286.2 eV in C 1s spectra is
4.6. On the basis of theoretical calculations [36], the amount
of Si atoms for a pure Si NC with 2.37 nm average size is
estimated to be 278. Hence, for each Si NC with an average
size of 2.74 nm, there are totally 259 Si atoms in per Si NC as
well as 56 Si–C bonds on the surfaces, and the number of Si
atoms in surface layers is presumed to be approximately 86
[48]. Consequently, the value of surface carbon coverage is
65.1% for S4. Besides, the coverage on the Si NCs surface
with carbon chains for S1–S3 is 33.7%, 48.8%, and 52.3%,
respectively. The increment of surface coverage by carbon
chains and the reduction of Si–O intensity are consistent with
the results of FTIR.

UV–visible absorption spectra of the prepared colloidal
Si NCs for S1–S4 are presented in figure 4(a). It is evident to
observe that all absorption spectra have a distinctive shoulder
at around 350 nm (∼3.54 eV) together with a long absorption
tail within the visible ranges. The shoulder at ∼3.54 eV
approaches to the direct transition at Γ-point (3.40 eV,
Γ25→Γ15) [49]. Meanwhile, the spectra are characterized by
a blue-shift of the shoulder peak position from ∼375 nm
(∼3.31 eV) in S1 to 325 nm (∼3.82 eV) in S4 with increasing
HF concentration. Owing to the effect of quantum confine-
ment, the bandgap energy of Si NCs increases with reduction
of their size as confirmed in Raman and TEM results, for
which the absorption edge shifts to higher energy [50].

Another distinct feature of absorption spectra is that the
absorbance ascends gradually with incremental HF con-
centration. Due to the fact that the investigated absorption
light wavelength is much larger than the size of colloidal Si
NCs, it is safely to neglect light scattering. Consequently, the
absorbance ought to be proportional to the yield of fabricated
Si NCs. Stronger absorption indicates that more Si nano-
particles can be acquired with increasing HF concentration.
Thus, the higher concentration of solution are clearly expec-
ted from samples with increasing HF concentration.

Figure 4(b) shows the steady room temperature PL
spectra of S1–S4 with excitation at 380 nm. A prominent
emission band in the violet-blue range with double peaks at
∼412 nm (3.01 eV) and 440 nm (2.82 eV) is clearly observed
for all samples. Meanwhile, it is found that, with increasing

Figure 3. The experimental and fitting curves of Si2p, C1s and O 1s
XPS spectra for S1–S4.
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Figure 4. (a) UV–visible absorption spectra of the colloidal Si NCs samples prepared in the styrene solution for S1–S4. (b) The room
temperature PL spectra with λexc=380 nm for all samples. (c) Excitation and (d) emission spectra of S4. Inset: photograph of Si NCs
dispersion for S4 under UV illumination. (e) PL decay curves of S4 detected at 412 and 440 nm, respectively. (f) PL decay curves of the
colloidal Si NCs samples for S1–S4 in styrene detected at 440 nm.
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HF concentration, the PL located at 412 nm (3.01 eV) keep
unchanged as well as the peak at 440 nm (2.82 eV). The PL
intensity tends to enhance remarkably with increasing HF
concentration. It should be noted that there is no lumines-
cence from styrene solution alone under illumination. This
suggests that the double PL peaks are supposed to originate
from colloidal Si NCs instead of styrene solution.

λexc-dependent PL, PLE and time-resolved PL measure-
ments are performed for all samples so as to get further insight
on the luminescence mechanism of blue PL. As a representa-
tive, figures 4(c) and (d) show the λexc-dependent PL and PLE
spectra of S4, respectively. The PL peak positions at ∼412 nm
(3.01 eV) and 440 nm (2.82 eV) are invariable with increasing
excitation wavelengths from 340 nm to 390 nm. The emission
intensity increases gradually with increasing λexc, and reaches
to the maximum luminescence intensity when is excited at
λexc=380 nm (3.26 eV), and then, the luminescence intensity
shows dramatically reduction when the excitation wavelengths
are over 380 nm. Figure 4(d) shows the PLE spectra of S4 with
emission energies at Eem=412 nm (3.01 eV) and 440 nm
(2.82 eV), respectively. The obvious EPLE value of peaks
380 nm (∼3.26 eV) are found to be independent of detection
wavelength, implying that the two PL peaks should originate
from the same mechanism [51]. Moreover, the PLE intensities
reach to the maximum values when the peak positions occur at
380 nm (∼3.26 eV). It is rational to propose that the excitons
absorb strongly at 380 nm (∼3.26 eV) and radiative de-excita-
tion occurs at 412 (3.01 eV) and 440 nm (2.82 eV) for colloidal
Si NCs [52]. Figure 4(e) presents the experimental decay curves
of S4 taken at 412 (hollow triangles) and 440 nm (red hollow
squares) emission wavelengths along with the corresponding
calculated (solid) curves, respectively. Decay curves can be
well fitted with double-exponential iterative fitting program,
where the model exponential function is [37]: =( )I t

+t t- -/ /A e A e .t t
1 21 2 Here, I(t) is the intensity; A1, A2, τ1, and τ2

are the fitting constants. Fitting results show that for emission at
412 nm and 440 nm, t1=0.92 ns (A1=68.7%), t¢1=8.23 ns
( ¢A1 =31.3%); t2=0.97 ns (A2=69.3%)，t¢2=8.43 ns
( ¢A2=30.7%), respectively. The mean lifetime t of colloidal
Si NCs can be calculated by using following equation:
t t t t t= + +( ) ( )/A A A A .1 1

2
2 2

2
1 1 2 2 The obtained t for the

emission at 412 nm and 440 nm are 6.78 ns and 6.89 ns,
respectively. Figure 4(f) displays PL decay curves of S1–S4
detected at 440 nm. It is obtained that colloidal Si NCs possess
featured lifetimes with a fast decay component from 0.43 to
0.97 ns and a slow one from 3.22 to 8.43 ns for S1–S4. The
average lifetime t of colloidal Si NCs for S1–S4 are 2.27, 3.54,
5.24 and 6.89 ns, respectively. It is clear to find that the decay
times for the colloidal Si NCs become longer with increasing
HF concentration. According to the Marcus theory [53], the
electron transfer rate KET can be described as:
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where *D = - +( )/G E E S S0 CB is free energy driving force,
r ( )E density of accepting states, ( )H E is the overlap matrix

element, l is the reorganizational energy, KB is Boltzmann’s
constant, and T is absolute temperature. To simplify analysis in
the theoretical model, ( )H E is considered to be independent of
energy. From the above theory, we find that transfer dynamics
are dominated by the driving force and density of unoccupied
electron accepting states. With increasing HF concentration, the
sizes of the Si NCs reduce gradually so that the quantum
confinement is enhanced, leading to the increment of conduc-
tion band edge and energy separation of the discrete states.
Hence, the driving force and the attainment of the accepting
states are expected to decrease [54]. Analyzing from the
equation (1), we obtain a fact that a reduced electron transfer
ratio is confirmed and thus the longer decay time is obtained
with incremental HF concentration [54]. Based on first-principle
calculations, nanosecond magnitudes of decay time for colloidal
Si NCs is ascribed to the localized exciton transitions on the Si
NCs surfaces, where the fast component correlates to the non-
radiative excitons’ trapping time on the localized states and the
slow component corresponds to radiative and non-radiative
recombination of the trapped excitons [55]. The decay time for
fast component of colloidal Si NCs prolongs gradually with
increasing HF concentration, indicating that non-radiative sur-
face defect densities decrease gradually [56], in good agreement
with ESR results.

We now focus on clarifying the PL mechanism of col-
loidal Si NCs. Due to quantum confinement effect, the energy
of PL peak is supposed to red shift correspondingly when
excitation wavelength shifts to longer wavelength. The PL
peaks remain unchanged when excited by different wave-
length from 340 nm to 390 nm, as shown in figure 4(c).
Hence, it is affirmatively to eliminate the direct band-to-band
recombination of electrons holes at Γ point. Analyzing from
ESR spectra, we find that there is no other defect-related
centers in SiO2, therefore, the contribution of the SiO2

component to the blue PL can be safely excluded as well. In
this case, the alkyl-related bonds on the surface of colloidal Si
NCs, as confirmed by FTIR and XPS spectra, is essential for
the blue emission in the chemically modified samples. The
alkyl-related radiative recombination centers have been
introduced to initiate the blue emission [57]. We propose that
the nature of the blue PL is most likely to originate from the
following process: firstly, the excitons are excited at Γ point
within Si NCs under excitation light irradiation. Subse-
quently, some excitons are caught by non-radiative Pb cen-
ters, while the rest of them transfer to surface related states
(Si–C), and then radiative recombination takes place there,
giving blue emissions at around 2.82 and 3.01 eV.

It has been reported that the PL intensity of Si NCs is
restricted by Pb non-radiative recombination of excitons [58].
On the basis of the above analysis, we know that the process
of trapping excitons by the Pb centers is suppressed, reflected
by the decreasing numbers of Pb centers with incremental HF
concentration. Meanwhile, the increasing alkyl-related radia-
tive recombination centers dominate the emission process,
leading to the enhancement of PL intensity.

To get further investigation of the optical characteristics,
PL QYs measurements of the prepared colloidal Si NCs were
carried out at room temperature. Before measurements, the
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spectral were strictly calibrated according to [59]. After fin-
ishing measurements, the luminescence spectra were carefully
integrated using the ‘Origin’ Microsoft, which is the most
frequently used to process the data.

Figure 5 presents the PL QYs of S1–S4. The peak cen-
tered at 380 nm is formed by the absorption of the excited
light by the pure reference styrene solution (black curve) and
target samples (colorful curves), respectively, that is, the
excitation beam which has been absorbed. The value of PL
QY is defined as the ratio of emitted photons to the absorbed
ones, which is reflected by the following equation:

= =
-

( )N

N

N

N N
QY , 2em

abs

em

blank sample

where Nem stands for the integrated spectra of the sample’s
luminescence wavelength range (∼400–500 nm), as seen in
the inset of figure 5. Nabs means the total amount of absorbed
photons. Nblank and Nsample represent the as-styrene and
sample’s integrated spectra of excitation beam (see sharp
spectra in figure (5)), respectively. A cuvette filled with pure
styrene solution was used as the blank for each measurements

of samples [60]. The calculated results are 16.3%, 26.1%,
53.9% and 76.5% for S1–S4, respectively. The maximum PL
QY of S4 is obviously larger than previous reports for Si NCs
(see table 1). To investigate the enhancement of PL QYs with
increasing HF concentration, one reason with respect to the
radiative and non-radiative recombination procedure is taken
into account as follows [17, 61]:

=
+

( )k

k k
QY , 3r

r nr

t =
+

( )
k k

1
, 4ave

r nr

where kr, knr and tave are the radiative, non-radiative recom-
bination rates and average lifetime, respectively. As confirmed
from the PL decay curve, tave becomes longer from 2.27 to
6.89 ns for S1–S4, the calculated kr from equations (3) and (4)
increases from ´7.1 107 s−1 to ´11.3 107 s−1 for S1–S4, and
knr decreases from ´36.4 108 s−1 to ´3.5 107 s−1 for S1–S4.
The values of kr and knr near 107 s−1 are consistent with that of
blue PL from alkyl-terminated Si NCs [15]. Moreover, the
calculated results of the reduction in non-radiative recombi-
nation rates are in good agreement with ESR results, which
reveals that the enhancement of surface passivation of Si NCs
through alkyl-related bonds leads to the reduction of Si dan-
gling bonds and further results in the decrease of non-radiative
recombination rate. Furthermore, the alkyl-related radiative
recombination centers are introduced to increase, leading to the
enhancement of radiative recombination rate. Thus, the
reduction of knr and the increase of kr contribute to the effective
enhancement of PL QYs.

The other reason accounting for the increment of PL QYs
is that adding HF to the styrene solution can effectively
promote the hydrosilylation process and the photo-initiated
reaction, the radiative recombination process can be thus
enhanced by increasing alkyl-related passivation. From the
results of UV–vis absorption spectra, it can be concluded that
more Si nanoparticles are obtained, indicating that the yield of
Si NCs enhances with increasing HF concentration.

In conclusion, we have investigated the structural trans-
formation, PL properties, and significant improvement of
fluorescence quantum yield for colloidal Si NCs by fs laser
ablation in styrene containing incremental concentration of

Figure 5. Emission quantum yields of S1–S4 under excitation at
380 nm. Inset: the much clearer luminescence spectra of S1∼S4
samples.

Table 1. Comparison about emission quantum yield of this work with various literature that have been reported by different research groups.

Group Preparation of samples
Emission quantum
yield(%)

Xin et al [17] Si NCs conducted in different organic solvents by nanosecond laser <10
Yuan et al [9] ThereversibletransformationfromCl:Si NCstocarbon‐terminatedSi NCs(C:Si NCs)

prepared via pulsedlaserablation
13

Nakamura et al [18] Colloidal Si NCs prepared by laser irradiation 20–23
Limpens et al [23] Si NCs prepared by sputtering and a high-temperature heat treatment 35
Miyano et al [19] Si NCs under irradiation UV light at 365 nm with HF 55
Mangolini
et al [20, 21]

Nonthermal plasmas, wet-chemical surface passivation with organic ligands 60–70

Li et al [22] Ultrabright Si nanoparticles fabricated through designed chemical surface modification 75
This work Si NCs under fs laser in organic solution with HF 76.5
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HF from 0 to 11.1 vol%. With increasing HF concentration,
the decreasingly average size from 6.5 to 2.7 nm, the
enhancement of Si NCs surface passivation with alkyl-related
molecules and the reduction in the densities of dangling
bonds between Si/SiO2 interface regions are revealed by
Raman scattering, HRTEM, FTIR, XPS, and ESR measure-
ments. It is shown that adding HF to the styrene solution is
found to remove the dioxide layers and then replace them by
alkyl-related bonds under fs laser ablation, leading to the
lower defect density of non-radiative Pb defect centers. In
accordance with the structural characterizations, UV–vis
absorption, PLE spectra, and time-resolved PL, we propose
that the blue emissions from colloidal Si NCs originate from
the following process: under excitation light irradiation, the
excitons are excited at Γ point within Si NCs, and then, some
excitons are caught by non-radiative Pb centers, while the rest
of them transfer to alkyl-related radiative recombination
centers and emit blue PL at around 2.82 and 3.01 eV. The
effective passivation and the suppression of non-radiative Pb

centers lead to the enhancement of PL QYs from 16.3%
to 76.5% with incremental HF concentration from 0 to
11.1 vol%. Addition of HF to the styrene solution for fabri-
cating colloidal Si NCs by fs laser ablation is considered as an
effective approach to promote hydrosilylation and the photo-
initiated reaction.
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a b s t r a c t

Nitrogen-enriched graphene coupled with nickel hydroxide nanosheets (Ni(OH)2/NG) hydrogel is suc-
cessfully synthesized through a facile one-pot hydrothermal method. Comprehensive investigations
reveal that the nitrogen atoms are successfully inserted into graphene and that the nickel hydroxide
nanosheets (~30e50 nm) are anchored on NG homogeneously. With the enhanced electroactivity caused
by nitrogen doping and the synergy effect from Ni(OH)2 nanosheets and NG, the Ni(OH)2/NG hydrogel
electrode displays much better electrochemical properties than two individual electrodes. It features a
specific capacitance as high as 896 F g�1 at 0.5 A g�1 and even 504 F g�1 at 12 A g�1 showing a high rate
capability (56.3% retention with 24 times higher current density). An asymmetric supercapacitor device
on the basic of Ni(OH)2/NG hydrogel and activated carbon (AC) was assembled and delivered a high
energy density of 28.7W h kg�1 at the power energy density of 0.36 kWkg�1. Such results indicate that
the Ni(OH)2/NG hydrogel could be considered as a promising candidate for electrochemical
supercapacitors.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, an increasing need for energy storage and
conversion techniques has stimulated intense research on new
energy devices [1]. Supercapacitors with the characteristics of a
high power density, short charging time, long lifetime, and envi-
ronmental friendliness have attracted extensive interest [2,3]. The
electrodematerials for supercapacitors canmainly be classified into
three categories, i.e., carbon materials, metal oxides/hydroxides
and conducting polymers. Carbonmaterials for nonfaradaic electric
double capacitors store charges based on the reversible adsorption/
desorption of ions, which enables a wide potential window and a
high power density but at the cost of a low specific capacitance and
energy density [4]. By comparison, metal oxides/hydroxides and
conducting polymer materials for pseudocapacitors exhibit a
ering, Shanghai University of
01620, China.
o), liwenyao314@gmail.com
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relatively high specific capacitance and energy density but have the
disadvantages of a low cycling stability and rate capability [5,6]. To
solve these problems, researchers have combined nonfaradaic and
faradaic electrode materials to design hybrid supercapacitors [7].
Moreover, such a combination is an effective strategy to obtain a
synergistic effect and achieve improved electrochemical perfor-
mances [8,9].

Currently, numerous transition-metal oxide/hydroxide elec-
trode materials with an active redox performance, such as RuO2
[10], NiO/Ni(OH)2 [11,12], MnO2 [13], and Co3O4 [14], have been
explored for use in pseudocapacitors. Among them, Ni(OH)2 is a
promising candidate because of its high theoretical capacitance
value (2584 F g�1) and low cost [15]. However, in practical appli-
cations with Ni(OH)2, the obtained capacitance is far lower than the
theoretical value due to the low conductivity and tendency to
aggregate [16]. Recently, it was found that incorporating nickel
hydroxide into carbon materials could combine the traits of all the
components to obtain an improved overall capacitive performance
[17,18]. Among various carbon materials, graphene has become a
popular research topic because of its large surface area, excellent
electric conductivity, and remarkable chemical stability [19]. To
0
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date, significant efforts have been made to prepare nickel hydrox-
ide and graphene composite materials [20,21]. For instance, Lee
et al. prepared Ni(OH)2/reduced graphene oxide (rGO) via a
nonaqueous method, and this material exhibited an excellent cycle
life and rate capability. The enhanced properties are ascribed to the
deposition of nickel hydroxide sheets on graphene, which decrease
the p-p interactions between the sheets [22]. Due to the compa-
rable atomic size, nitrogen doping should further improve the
capacitive performance of graphene [23]. Nitrogen-doped gra-
phene (NG), with the p electronic conjugated structure of graphene
and the lone pair electrons of the nitrogen atom, can effectively
modify the local electronic structure and alter the electronic
properties of graphene [24]. Additionally, the insertion of nitrogen
into the honeycomb-like graphene structure can improve the
conductivity significantly and offer a support for anchoring well-
dispersed metal nanoparticles [25]. Additionally, the flexible
nitrogen-doped graphene can work as a highly conductive support
for generating strong adhesion. Therefore, a high-performance
electrode material can be expected by combining nickel hydrox-
ide with nitrogen-doped graphene.

Here, we prepared a hydrogel (Ni(OH)2/NG) that couples
nitrogen-enriched graphene with nickel hydroxide nanosheets by a
facile one-pot hydrothermal route. Ethylenediamine acted as both
the nitrogen source and the reductant, and thus the nitrogen
doping and reducing processes of graphene oxide proceeded
simultaneously. Owing to the synergy between nitrogen-doped
graphene and nickel hydroxide, the Ni(OH)2/NG hydrogel exhibits
a high specific capacitance (896 F g�1 at 0.5 A g�1), high rate capa-
bility (504 F g�1 at 12 A g�1) and long-cycle performance (85.9%
remaining after 5000 cycles). Moreover, the asymmetric Ni(OH)2/
NG//AC supercapacitor device exhibits a high energy density of
28.7Wh kg�1 at 0.36 kWkg �1 and maintains 19.78Wh kg �1 even
when the power density is increased to 4.00 kWkg�1, which can
illuminate a light emitting diode (LED) by two cascaded devices
after being charged. Such excellent results highlight the synergy for
maximizing the utilization of nickel hydroxide and NG for energy
storage devices.

2. Experimental

2.1. Raw materials

Graphite powder was purchased from Sinopharm Chemical
Reagent Co., Ltd. Nickel dichloride hexahydrate (NiCl2$6H2O) and
ethylenediamine (EDA) were obtained from Aladdin Industrial
Corporation. Nickel foamwith an areal density of 350 g cm�2 and a
thickness of 1.0mmwas supplied by Tianjin EVS Chemicals Science
and Technology Ltd. All the other reagents were of analytical grade
and used as received without any further purification.

2.2. Synthesis of NG and the Ni(OH)2/NG hydrogel

Graphene oxide (GO) was prepared by the modified Hummers
method [26]. The GO dispersion (4mgmL�1) was obtained by
dispersing dry graphene oxide (400mg) into deionized water
(100mL) under ultrasonic conditions. For the preparation of
nitrogen-doped graphene, 34mL of the GO dispersion and 1mL of
EDA were mixed and sealed in a 50-ml reaction kettle at 180 �C for
12 h. After cooling naturally, the cylindrical-shaped NG hydrogel
was immersed into water to remove impurities and then freeze-
dried. Reduced graphene oxide (rGO) was produced without add-
ing EDA following the same processes.

The Ni(OH)2/NG hydrogel was prepared by the following one-
step route. Briefly, 0.69 g NiCl2$6H2O was added into 34mL of the
GO suspension and then stirred intensely for 50min. The pH value
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was adjusted to 10 by a sodium hydroxide solution, and EDA (1mL)
was dropped into the hybrid solution over 20min under magnetic
stirring. Then, the solution was transferred into a reaction kettle at
180 �C for 12 h. Finally, the cylindrical hydrogel was purified by
washing with excessive amounts of deionized water and freeze
dried. As a control, pure nickel hydroxide was prepared using the
above-described method without GO.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded on a Panalytical
X0 Pert X-ray diffractometer (Holland). Raman spectra were ob-
tained on a Renishaw in Via Ramanmicroscopewith a 532-nm laser
beam. The elementary compositions of the samples were analyzed
by X-ray photoelectron spectroscopy (XPS) with a Thermo Fisher
250XI spectrometer. The morphologies were determined by field
emission scanning electron microscopy (FESEM, S-4800, Hitachi)
and transmission electron microscopy (TEM, JEM-2100F, JEOL).

2.4. Electrochemical measurements

The working electrodes were fabricated as follows. The as-
prepared active material powders, polytetrafluoroethylene and
conducting carbon were mixed in a weight ratio of 80:10:10 and
ground in amortar. A small amount of N-methy-2-pyrrolidionewas
dropped into the hybrid materials to form a uniform paste. A
certain quantity of the mixed slurry was used to cover a piece of Ni
foam (1.5 cm� 1.5 cm) and dried at 60 �C for 16 h; nearly 2mg of
electroactivematerial was loaded on the electrode. Electrochemical
tests were performed in a three-electrode cell. Electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and gal-
vanostatic charge/discharge (GCD) measurements were performed
on a CHI660E electrochemical workstation.

To assemble an asymmetric supercapacitor (ASC) device, active
materials and active carbon (AC) were deposited onto a piece of Ni
foam (1.5 cm� 1.5 cm) and used as the positive and negative elec-
trodes, respectively. A piece of cellulosic paper as the separator was
placed between the positive and negative electrodes. All the tests
were conducted in a 6M KOH solution.

3. Results and discussion

3.1. Microstructure characterization

Fig. 1 illustrates the preparation process of the Ni(OH)2/NG
hydrogel synthesized through a facile one-pot hydrothermal route,
during which NiCl2$6H2O was used as the nickel source, and EDA
served as the reducing and doping agent. To prevent the Ni(OH)2
nanosheets from spontaneous nucleation and growth in the solu-
tion, which may cause the formation of independent Ni(OH)2
separated with graphene, Ni2þ was first anchored with the help of
the oxygen-containing functional groups of GO by electrostatic
adherence under an ultrasonic treatment. Then, the pH was
adjusted to 10, and Ni2þ was transformed into nickel hydroxide.
After the introduction of EDA, the mixed solution underwent the
hydrothermal treatment to generate the Ni(OH)2/NG hydrogel.
During this period, the amino (-NH2) group in EDA can not only
react with the carbonyl or epoxy groups located on the same side of
GO as a mechanism of the cyclizationeremoval reaction but also
reacts with hydroxyls by an immediate removal reaction to form
hydroxylamine, which leads to a nitrogen-doped structure [27].

The XRD patterns of GO, NG, pure Ni(OH)2 and Ni(OH)2/NG are
given in Fig. 2a. The characteristic diffraction peak of GO at ~11.4� is
attributed to the presence of oxygen-containing groups, suggesting



Fig. 1. Schematic diagram for the formation process of Ni(OH)2/NG hydrogel.
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the successful oxidation of graphene. For NG, the broad peak at
~26.2� corresponds to the (002) reflection of the NG sheet struc-
ture, suggesting that during the hydrothermal reduction process,
the p-conjugated structure is recovered, and the framework is
restacked because of the van der Waals interaction [28]. For the
pure nickel hydroxide and Ni(OH)2/NG, the diffraction peaks
at ~ 19.2�, 32.9�, 38.6�, 52.1�, 59.0�, 62.5�, 70.5� and 72.8� can be
indexed to the (001), (100), (101), (102), (110), (111), (103) and (201)
crystal planes, respectively. The reflections are in good agreement
with those of b-Ni(OH)2 (JCPDS:14-0117) [15]. The peaks of
Ni(OH)2/NG are similar to those of Ni(OH)2, except that the
reflection at approximately 11.4� from GO almost disappeared,
implying that the exfoliation of graphene in the Ni(OH)2/NG com-
posite took place [29]. Moreover, due to the more disordered and
homogeneous dispersion of NG in the composite, no peaks at
~26.2� from NG can be found in the diffraction pattern of Ni(OH)2/
NG [28,30].

Fig. 2b displays the Raman spectra of rGO, NG, and Ni(OH)2/NG.
It can be observed that two typical D and G peaks of rGO are present
at 1322 and 1567 cm�1, respectively. The D peak is related to the
disorder and the defects caused by the vibrations of sp3 carbon
atoms, and the G peak is related to the vibration of sp2 carbon
atoms [31]. It is noteworthy that the G peaks at 1587 cm�1 for NG
and Ni(OH)2/NG show a slight blueshift compared with rGO,
revealing that nitrogen doping was successful [28,32]. The band
intensity ratio of ID/IG was used to assess the disorder degree of
graphene; the ID/IG values were 1.26, 1.44, and 1.63 for rGO, NG, and
Ni(OH)2/NG, respectively. The significant enhancement in the ID/IG
value of Ni(OH)2/NG demonstrates an increase in a number of de-
fects and indicates a formation of a more disordered carbon
structure, which are ascribed to the incorporation of nitrogen
atoms and Ni(OH)2 into the graphene sheets. Nitrogen doping can
increase the amount of defects in graphene, possibly supplying
more active sites for electron storage and benefiting an enhanced
electrochemical performance.

To reveal more details about the chemical components and
chemical bonds in the Ni(OH)2/NG hydrogel, XPS measurements
were also performed. Fig. 2c shows the survey scan spectrum of the
Ni(OH)2/NG hydrogel. The peaks centered at 284.7, 400.5, 530.4 and
856.2 eV correspond to C 1s, N 1s, O 1s and Ni 2p, respectively,
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revealing that nitrogen atoms were inserted into the hydrogel by
the hydrothermal process. Fig. 2d depicts the four deconvoluted
peaks of the C 1s spectrum, which were assigned to C]C at
284.7 eV, CeO & C]N at 285.8 eV, C]O & CeN at 286.9 eV and
OeC]O at 288.9 eV. The peaks of CeO and C]O usually overlap
with the C]N and CeN bonds, respectively [28]. The incorporation
of nitrogen atoms through the reaction of GO with EDA can be
confirmed by the presence of the C]N (285.8 eV) and CeN peaks
(286.9 eV) in the C 1s spectrum. Furthermore, the hydrophilic
functional groups can serve as anchoring sites, which enable nickel
hydroxide to directly grow on graphene [33]. As clearly exhibited in
Fig. 2e, the N 1s spectrum can be presented as a superposition of
three peaks centered at 398.3, 399.3 and 400.7 eV, corresponding to
pyridinic N, pyrrolic N and graphitic N, respectively. These results
indicate that during the hydrothermal process, the EDA acting as
the nitrogen source reacts with the hydrophilic functional groups in
GO to form the N-doped structure. Fig. 2f shows the Ni 2p XPS
spectrum with two peaks assigned to Ni 2p3/2 (855.5 eV) and Ni
2p1/2 (873.1 eV), implying that the nickel ion is bivalent. The char-
acteristics of the nickel hydroxide phase with a spin-energy sepa-
ration of 17.6 eV agree well with previous reports [28,34]. In
addition, two satellite peaks located at 861.1 and 879.1 eV around
the Ni 2p1/2 and Ni 2p3/2 peaks can be noticed. The above XPS re-
sults prove that Ni(OH)2/NG has been successfully prepared.

The morphologies of NG and Ni(OH)2/NG were studied by SEM
and TEM measurements, as displayed in Fig. 3. From Fig. 3a, it is
evident that the surface of large NG sheets is rough and irregular,
which can be attributed to the increased number of edges and
defects appearing due to nitrogen doping. It was reported that
structural defects can supply more nucleation sites for electron
storage, which is significant for the improvement of the capacitive
performance [35]. The structure of NG remains almost unchanged
after the deposition of nickel hydroxide, and the highly dispersed
nickel hydroxide nanosheets are anchored on the surface of NG, as
shown in Fig. 3b. Thus, NG can serve as a substrate on which nickel
hydroxide can grow, and the deposition of nickel hydroxide can
effectively stem the agglomeration and restacking of graphene.
Thus, the composite has the potential to greatly improve the overall
performance when used as an electrode material.

Further insights into the microstructure of NG and Ni(OH)2/NG
2



Fig. 2. (a) XRD patterns of GO, NG, pure Ni(OH)2 and Ni(OH)2/NG. (b) Raman spectra of rGO, NG and Ni(OH)2/NG. XPS spectra of Ni(OH)2/NG: (c) survey spectrum, (d) high-
resolution C 1s spectrum, (e) high-resolution N 1s spectrum and (f) high-resolution Ni 2p spectrum.
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can be achieved by TEM measurements. The transparent thin layer
with crumpled silk waves and rumples in Fig. 3c corresponds to NG.
Fig. 3d and Fig. S1 show that all the nickel hydroxide sheets are
anchored on NG, and no freestanding nanosheets can be observed
in NG, even after a powerful ultrasonication, suggesting the exis-
tence of a strong interaction between nickel hydroxide and NG [36].
Furthermore, the selected area electron diffraction (SAED) pattern
(inset of Fig. 3d) demonstrates that Ni(OH)2 is highly crystalline.
HRTEM images were used to characterize the well-defined struc-
ture of Ni(OH)2/NG shown in Fig. 3e. The interplanar distance in NG
is measured as 0.35 nm, which is close to the reported interlayer
distance in graphene (0.34 nm) [37], and the lattice distance of
0.23 nm corresponds to the (101) plane of b-Ni(OH)2 [21]. These
results demonstrate that the composite was successfully prepared,
and this agrees with the XRD results. The EDS results of Ni(OH)2/NG
in Fig. 3f indicate that the observed elements include nickel, ni-
trogen, oxygen and carbon, which is in accordance with the XPS
results.
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3.2. Electrochemical analyses

To examine the electrochemical properties of the materials, CV
tests were performed. Fig. 4a and b shows the CV curves of pure
Ni(OH)2 and Ni(OH)2/NG from 5 to 100mV s�1. Two redox peaks
can be clearly observed for all the curves, which are related to the
pseudocapacitive behavior of nickel hydroxide. The well-defined
redox peaks suggest that the capacitance originates from the
redox reaction. The anodic peaks correspond to an oxidation re-
action of Ni(OH)2 to form NiOOH, and the cathodic peaks display
the inverse process. The reversible reaction between Ni2þ and Ni3þ

can be described as follows [38,39]:

NiðOHÞ2 þ OH�4NiOOH þ H2Oþ e�

The anodic and cathodic peak positions of Ni(OH)2/NG are
centered at 0.341 and 0.213 V at 5mV s�1, respectively, which
generates a potential gap of 0.128 V. The potential gap of Ni(OH)2



Fig. 3. SEM images of (a) NG and (b) Ni(OH)2/NG. TEM images of (c) NG and (d) Ni(OH)2/NG. Inset: the SAED pattern. (e) HRTEM image of Ni(OH)2/NG. (f) EDS analysis of the
Ni(OH)2/NG hydrogel.
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(Fig. 4a) at the same scan rate is 0.173 V based on the anodic po-
sition of 0.415 V and the cathodic peak position of 0.242 V. The
smaller peak potential gap of Ni(OH)2/NG demonstrates a much
better reversibility [29]. The redox current clearly increases with
increasing scan rate, signifying its good rate ability [28,31].
Furthermore, the redox peaks of Ni(OH)2/NG show slight shifts
towards more positive and negative directions with increasing scan
rate, which results from the limitation of the ion diffusion rate
during the reaction [9,40] and reveals the existence of a fast fara-
daic redox reaction between the electroactive material and the
electrolyte [41]. The CV curves comparison of pure Ni(OH)2 and
Ni(OH)2/NG and the CV curve of NG are shown in Fig. S2, showing
the largest enclosed area of the Ni(OH)2/NG electrode, which in-
dicates that the Ni(OH)2/NG electrode exhibits the largest specific
capacitance. In addition, the pure Ni foam substrate was examined,
and the effect was shown to be almost negligible (Fig. S3).

Fig. 4c shows the GCD curves of Ni(OH)2 and Ni(OH)2/NG at
1.5 A g�1, and the inset is the GCD curve of NG at the same current
density. NG displays an approximate triangle curve in the charge-
discharge process. The curves of pure Ni(OH)2 and Ni(OH)2/NG
electrodes are not ideal straight lines in the charging and dis-
charging process, further confirming the pseudocapacitive
behavior of the electrodes [36]. The discharge time of the Ni(OH)2/
NG electrode is much longer than that of the other two individual
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electrodes, indicating an improved specific capacitance after the
integration.

Fig. 4d exhibits the GCD curves of the Ni(OH)2/NG hydrogel at
diverse current densities. The obvious plateaus indicate the pres-
ence of faradaic redox reactions, which is consistent with the redox
activities from the CV results shown in Fig. 4b. A similar phenom-
enon can also be observed from the GCD curves of nickel hydroxide
in Fig. S4a. Fig. S4b shows the GCD curves of NG and rGO marked
with triangles. The calculated specific capacitances from the
discharge curves are plotted with the corresponding current den-
sity in Fig. 4e. The specific capacitances of the Ni(OH)2/NG electrode
are determined as ~ 896, 798, 736, 657, 599, 507 and 504 F g�1 at
0.5, 1, 2, 4, 8, 10 and 12 A g�1, respectively. Pure Ni(OH)2
(450 F g�1 at 1.5 A g�1) and NG (465.9 F g�1 at 1 A g�1) deliver lower
specific capacitances than the Ni(OH)2/NG composite. The specific
capacitance of the Ni(OH)2/NG hydrogel decreases slowly with an
increase in current density as compared to the other two individual
electrodes. Evenwhen the current density is as high as 12 A g�1, the
specific capacitance still reaches 504 F g�1, showing a capacitance
retention of 56.3%, which demonstrates that the composite has a
good rate capability. Compared to previous reports on the electrode
materials of supercapacitors based on nickel hydroxide and gra-
phene composites [42], transition-metal oxides/hydroxides and
nitrogen-doped graphene [33,43], and pure nitrogen-doped
4



Fig. 4. CV curves of (a) pure Ni(OH)2 and (b) Ni(OH)2/NG electrodes at different scan rates. GCD curves of (c) pure Ni(OH)2 and Ni(OH)2/NG at 1.5 A g�1. Inset: the GCD curve of NG at
1.5 A g�1, (d) Ni(OH)2/NG at different current densities. (e) Specific capacitance of pure Ni(OH)2, NG and Ni(OH)2/NG at different current densities. (f) Cycling stability of Ni(OH)2/NG
at 4 A g�1. Inset: GCD curves of the first and final five cycles.
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graphene [44,45], the Ni(OH)2/NG hydrogel in this work shows a
higher capacitance and a good rate capability (Table S1).

The advantageous properties of the Ni(OH)2/NG hydrogel benefit
from the following two major aspects: (i) the positive synergistic
effect between the metal hydroxide and nitrogen-doped graphene.
NG offers more surface area to improve electron transport and acts
as a scaffold for the growth of the Ni(OH)2 sheets. The Ni(OH)2
supported by NG is beneficial to the reaction kinetics. (ii) The
nitrogen-doped site, particularly the pyridinic site, is a strong
bonding site to grow the metal hydroxide, which contributes to the
pseudocapacitance [46]. NG with more wrinkles can provide not
onlymore electronic and ion-conductive channels to enable effective
electrolyte diffusion but also more nucleation sites to enhance the
metal hydroxide-graphene interaction [28,36]. Moreover, the extra
pair of electrons from the nitrogen atom can increase the electron
density of graphene, leading to an enhanced conductivity [47].

A long cycle life is crucial for the practical applications of
supercapacitors. The cycling properties of the Ni(OH)2/NG hydrogel
were estimated by GCD at 4 A g�1, and the results are shown in
Fig. 4f. The capacitance increases slightly after the initial cycles and
then decreases gradually with the following cycles. The increased
capacitance after the initial cycles is attributed to the activation of
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the electrode [31,48]. The values of the specific capacitance before
and after 5000 cycles are 656.8 and 564.8 F g�1 from the inset,
respectively. The capacitance retention of the Ni(OH)2/NG hydrogel
is 85.9% after 5000 cycles. This cycling stability is comparable to the
best reported long-life value among similar hybrid electrode ma-
terials (Table S1).

To investigate the ion diffusion and the electron transport of the
electrode, EIS is also carried out with an open circuit voltage and a
10mV sinusoidal amplitude (Fig. S5). Each plot starts from a
semicircle in the high frequency range and rises along the imagi-
nary impedance axis in the low frequency range. The plots are fitted
by an equivalent circuit, as shown in the inset of Fig. S5. W, Cdl, Rct,
Rs, and C represent the Warburg impedance, electrochemical
double layer capacitance, charge transfer resistance, equivalent
series resistance and Faradaic charge-discharge resistance,
respectively [31,33]. The Rs and Rct of the Ni(OH)2/NG hydrogel are
0.7685 and 0.2164U, respectively, which are smaller than those of
pure nickel hydroxide (Rs value of 1.348U and Rct value of 3.437U),
suggesting a lower intrinsic resistance. The Ni(OH)2/NG electrode
shows a more vertical line in the EIS plot, suggesting fast ion
diffusion and electron transport take place. The results further
indicate that the Ni(OH)2/NG hydrogel is more conducive to
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electrochemical applications.
Since the best overall properties were demonstrated by the

Ni(OH)2/NG electrode, an asymmetric supercapacitor (ASC) device
was fabricated to further study the possible real applications by
integrating Ni(OH)2/NG as the positive electrode, active carbon (AC)
as the negative electrode, and a piece of cellulosic paper as the
separator in an electrolyte. The CV curves of the two electrode
materials were obtained at 100mV s�1 to further evaluate the po-
tential windows, see Fig. 5a. The Ni(OH)2/NG electrode was
measured in a range�0.2e0.6 V, while AC was measured from�1.0
to 0 V. Employing the different potential windows, the operating
cell voltage of the fabricated device can be enhanced up to 1.6 V.
The CV and GCD curves with diverse working voltages are depicted
in Fig. 5b and Fig. S6, respectively. As expected, the device can
operate normally in an enhanced potential window and almost
maintain the same shape, implying a desirable capacitive perfor-
mance. The CV curves in the range of 20e500mV s�1 almost
maintain the same profile in Fig. 5c, indicating the excellent
reversibility of charge and discharge. The GCD curves at diverse
current densities are exhibited in Fig. 5d, and accordingly, the
Fig. 5. (a) CV curves comparison of AC and Ni(OH)2/NG at 100mV s�1. (b) CV curves of the
different scan rate at 1.6 V. (d) GCD curves of the ASC at different current densities. (e) Rago
devices in series. (f) The long-term cycling performance of the ASC device, Inset: GCD curv
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capacitances are 80.8, 73.1, 65.2, 61.5, 58.5 and 55.6 F g�1 at 0.5, 1, 2,
3, 4 and 5 A g�1, respectively. The energy density and the power
density are estimated from the GCD curves using the formulas
given in the supporting information. On the basis of the GCD
curves, the Ragone plots of the ASC are built and are shown in
Fig. 5e. The Ni(OH)2/NG//AC device delivers a maximum energy
density of 28.73Wh kg �1 at 0.36 kWkg �1 and maintains
19.78Wh kg �1, even when the power density is increased to
4.00 kWkg�1. Importantly, the Ni(OH)2/NG//AC device outperforms
the supercapacitors described in the reference data, such as 3D a-
Ni(OH)2//AC (14.9Wh kg �1 at 0.14 kWkg �1) [49], NiCo2O4/rGO//
AC (23.3Wh kg�1 at 0.32 kWkg�1) [50], NieCo binary hydroxides//
CG (26.3Wh kg�1 at 0.32 kWkg�1) [51], NiCoeOH/ultraphene//AC
(23.4Wh kg�1 at 0.93 kWkg�1) [52], and NiCo2S4//AC
(25.5Wh kg�1 at 0.33 kWkg�1) [53]. Finally, a LED can be easily
illuminated by two devices in series after being charged, as shown
in the inset of Fig. 5e. The cycling stability of the ASC examined at
1.5 A g�1 is shown in Fig. 5f. A capacitance retention of 74.3% is
achieved after 5000 cycles, suggesting that the device has an
excellent electrochemical stability.
ASC measured in different voltage windows at 100mV s�1. (c) CV curves of the ASC at
ne plot of the ASC device, the inset is optical image of lighting LEDs driven by two ASC
es of the first and final five cycles.
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4. Conclusions

In conclusion, a facile one-pot hydrothermal route was
employed to successfully fabricate the Ni(OH)2/NG hydrogel. Due to
the synergistic effect between the metal hydroxide and nitrogen-
doped graphene, the Ni(OH)2/NG hydrogel electrode displays
improved electrochemical behaviors as compared with the indi-
vidual Ni(OH)2 and NG components. The Ni(OH)2/NG electrode
delivers a high specific capacitance of 896 F g�1 at 0.5 A g�1 with a
good rate capability (56.3% retention with a 24-fold increase in the
current density). At the same time, 85.9% of the initial capacitance
remains after 5000 long-term cycles. A Ni(OH)2/NG//AC ASC device
is assembled and delivers a high energy density and a good cycle
stability. This strategy provides an alternative route to simply
fabricate electrode materials and could be extended to more metal
hydroxides or oxides/NG hydrogels.
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Role of generalized parity in the symmetry of the fluorescence spectrum from two-level systems
under periodic frequency modulation
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We study the origin of the symmetry of the fluorescence spectrum from the two-level system subjected to
a low-frequency periodic modulation and a near-resonant high-frequency monochromatic excitation using the
analytical and numerical methods based on Floquet theory. We find that the fundamental origin of symmetry
of the spectrum can be attributed to the presence of the generalized parity of the Floquet states, which depends
on the driving parameters. The absence of the generalized parity can lead to the asymmetry of the spectrum.
Based on the generalized parity, the conditions for the symmetry and asymmetry of the spectrum can be derived,
which succeeds in predicting symmetry and asymmetry of the spectrum for the harmonic, biharmonic, and
multiharmonic modulations. Moreover, we find that the secular approximation widely used in the analytical
calculation may lead to artifact symmetry of the spectrum, which vanishes when such an approximation is
avoided. The present study provides a significant perspective on the origin of the symmetry of the spectrum.

DOI: 10.1103/PhysRevA.100.013823

I. INTRODUCTION

Resonance fluorescence, arising from a quantum emitter
driven by an external field and coupled to a radiative reservoir
[1–3], not only is an important concept in quantum optics
but also has potential application in quantum information
technology; for instance, it plays an important role in realizing
the single-photon source [4–6]. Particularly, the resonance
fluorescence of two-level systems has attracted much interest
and been studied in various aspects such as spectra [7–14],
squeezing [15–17], photon statistics [18–21], photon anti-
bunching [22–24], and others. The line shape of the spectrum
is found to depend strongly on the external field that interacts
with the quantum emitters as well as the reservoirs to which
the quantum emitters are coupled. As is well known, for a
sufficiently strong monochromatic field, the spectrum has a
symmetric three-peak structure, known as the Mollow triplet
[1]. More recently, the bi- and multichromatically driven
quantum systems are of interest [25–28]. In such systems, the
spectrum turns out to have a complicated multipeak structure
[7–13], which can be either symmetric or asymmetric. In
principle, the physical origin of the triplet and multipeak
structures can be understood in terms of the transitions be-
tween the quantum dressed states [3] or in terms of the
transitions between the semiclassical Floquet states [29,30].
The studies of the resonance fluorescence have enriched the
physics concerning the light-matter interaction.

*yiyingyan@zust.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn

The origin of the symmetry of the spectrum has been found
in the case of the monochromatic field. Specifically, it is the
detailed balance condition that guarantees the symmetry of
the Mollow triplet [3]. As is well known, the breakdown of
such a condition leads to the asymmetry of the spectrum,
for instance, in the presence of a pure dephasing reservoir
[31,32] or the counter-rotating terms of the external field
under certain conditions [30,33,34]. The dephasing-induced
asymmetric Mollow triplet has been experimentally observed
in the quantum dots (the pure dephasing arises because of
the interaction between the quantum dot and its solid-state
environment) [35,36]. For the bi- and multichromatic fields,
the origin of the symmetry of the spectrum is rarely discussed,
owing to the fact that the physically transparent spectrum is
hardly analytically derived and has not been comprehensively
understood.

Recent studies show that the fluorescence spectrum from
a driven two-level system with a modulated transition fre-
quency is symmetrically multipeaked for the vanishing detun-
ing while asymmetrically multipeaked for the finite detuning
[25–27,37]. Such an exotic bichromatically driven two-level
system with coexistence of the longitudinal and transversal
coupling between the system and the applied fields has been
experimentally studied in the superconducting qubits [38,39],
single molecule [40], and nitrogen-vacancy spin qubits [41].
The quantum systems under frequency modulation are also
of interest in theoretical studies [42–46], the intriguing phe-
nomena of which were reviewed recently [47]. It is worth-
while to note that the bichromatically driven two-level system
with frequency modulation differs from those considered in
Refs. [7,8], where the two-level systems are transversely
driven by a bichromatic field. In such a case, the symme-
try of the fluorescence spectrum is found to depend on the
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average detuning if the strengths of the two components of
the bichromatic field are the same; the pronounced asymmetry
of the spectrum is revealed when the average detuning is
finite and/or the strengths of the two components of the field
are unequal [7,8]. For a bichromatically amplitude-modulated
field, the spectrum is also found to be symmetric and asym-
metric for the vanishing and finite detuning, respectively [48].
So far the fundamental origin of such a detuning-dependent
symmetry remains obscure.

In this work, we use both analytical and numerical methods
based on Floquet theory to study the fundamental origin of
the symmetry of the fluorescence spectrum from the two-
level system under a low-frequency periodic modulation and
a near-resonant monochromatic excitation. We address the
symmetry and asymmetry of the spectrum by considering the
generalized parity of Floquet states rather than the behaviors
of the bare-state or dressed-state populations as considered in
Refs. [26,46,49]. The generalized parity is found to guarantee
the symmetry of the spectrum, while the breaking of such a
parity can yield a pronouncedly asymmetric spectrum even in
the vanishing detuning case. Based on the generalized parity,
the conditions for the symmetric and asymmetric spectra are
derived, which are not given in previous works and cannot
be derived from the behaviors of the bare or dressed state
population. The generalized-parity-induced symmetry of the
spectrum is verified and illustrated in the context of the bihar-
monic modulation by the comparison between the analytical
and numerical results. The analytical results are found to be
in agreement with the numerically exact results in the regimes
where the perturbation theory and secular approximation can
be justified. In addition, we find that the spectrum with the
secular approximation may have artifact symmetry under cer-
tain conditions, i.e., the spectrum with secular approximation
is symmetric while the numerically exact calculation shows
asymmetric spectra because of the broken parity. The present
finding simply interprets the detuning-dependent symmetry
in the harmonic modulation case and can also be extended
to analyze the symmetry and asymmetry of the spectrum in
the multiharmonic modulation cases. Our results suggest that
it is feasible to control the symmetry and asymmetry of the
spectrum via engineering the generalized parity of the Floquet
states.

The rest of the paper is organized as follows. In Sec. II
we first discuss the generalized-parity-induced symmetry of
the fluorescence spectrum without the secular approximation
and further elucidate the symmetry of the spectrum with
a physically transparent formal spectrum with the secular
approximation. In Sec. III we analytically and numerically
calculate the fluorescence spectrum in the context of the bi-
harmonic modulation to verify the symmetry and asymmetry
of the spectrum predicted based on the generalized parity. In
the last section, the conclusions are given.

II. FLUORESCENCE SPECTRUM
AND GENERALIZED PARITY

We consider that the transition frequency of the two-level
system is modulated periodically via a low-frequency external
field f (t ), and the two-level system is also excited by a
near-resonant monochromatic field, which is described by the

following Hamiltonian (h̄ = 1):

H (t ) = 1

2
[ω0 + f (t )]σz + �x

2
(σ+e−iωxt + σ−eiωxt ), (1)

where σz(x,y) is the usual Pauli matrix, ω0 + f (t ) is the
modulated transition frequency, σ± = (σx ± iσy)/2 are the
raising and lowering operators, and �x (ωx) is the strength
(frequency) of the monochromatic driving. Here we choose
f (t ) = f (t + T ) with T being the fundamental period of the
modulation and much greater than 2π/ωx. This is a general-
ized model as compared with the previous one considered in
Refs. [25,26,37].

To study the emission processes, we need to take account of
the spontaneous decay. Thus, the time evolution of the driven
two-level system under study is modeled by the Lindblad
master equation. In the frame rotating at the frequency ωx,
the Lindblad master equation takes the form

d

dt
ρ̃(t ) = L(t )ρ̃(t ), (2)

where ρ̃(t ) is the reduced density matrix in the rotating
frame and the superoperator L(t ) is given by L(t )ρ̃(t ) =
−i[H̃ (t ), ρ̃(t )] − κ/2[{σ+σ−, ρ̃(t )} − 2σ−ρ̃(t )σ+] with κ be-
ing the radiative decay rate. H̃ (t ) is the effective Hamiltonian
and reads

H̃ (t ) = �x

2
σx + 1

2
[δ + f (t )]σz, (3)

with δ = ω0 − ωx being the detuning between the bare transi-
tion frequency and monochromatic excitation frequency. This
master equation is actually a set of first-order differential
equations with periodic coefficients. It can be directly solved
by the so-called Floquet-Liouville (FL) approach with a de-
sired accuracy [37,50]. Although such a Floquet-theory-based
numerical method is simple and efficient, it is not physically
transparent to analyze the role of generalized parity of Floquet
states in the symmetry of the fluorescence spectrum. We use
an alternative method which is developed in our previous
works [27,30] to solve the master equation and calculate the
fluorescence spectrum. We first calculate the Floquet states
for H̃ (t ) and use them as the bases to reformulate Eq. (2) and
derive its analytical formal solutions with the aid of the secular
approximation in the Floquet picture.

A. The symmetry of the fluorescence spectrum without
secular approximation

The steady-state fluorescence spectrum is given by the
Fourier transform of the time-averaged first-order correlation
function [1,50],

S(	) ∝ Re
1

T

∫ ∞

0

∫ T

0
lim

t ′→∞
〈σ̃+(t ′ + τ )σ̃−(t ′)〉e−i	τ dt ′dτ,

(4)

where 	 = ω − ωx and 〈σ̃+(t ′ + τ )σ̃−(t ′)〉 is the first-order
correlation function, and the tilde indicates that it is evaluated
in the rotating frame. In general, it is difficult to derive an
exact analytical spectrum. Nevertheless, we find that it is
possible to show that the spectrum is exactly symmetric about
	 = 0 when δ + f (t ) = −[δ + f (t + T/2)] by realizing the
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fact that the driven two-level system possesses a generalized
parity symmetry:

σxH̃ (t + T/2)σx = H̃ (t ). (5)

Here the generalized parity transformation consists of an
exchange between the up and down states of two-level system
(σz → −σz) and a time shift of a half period of the modulation
(t → t + T/2).

We state briefly how the generalized parity guarantees
the symmetry of the spectrum. Owing to Eq. (5), we can
construct a generalized parity transformation in the Liouville
space, the details of which can be found in Appendix A.
When δ + f (t ) = −[δ + f (t + T/2)], the superoperator L(t )
is similarly found to be invariant under the generalized parity
transformation. Based on this property, it can be derived
from the master Eq. (2) without the secular approximation
that in the steady-state limit, the time-averaged first-order
correlation function is a real-valued function in the rotating
frame. As a result, the fluorescence spectrum is symmetric
about 	 = 0. This finding shows that the symmetry of the
spectrum occurs when δ + f (t ) = −[δ + f (t + T/2)] and re-
sults from the generalized parity. We will numerically verify
the generalized-parity-induced symmetry in Sec. III.

B. The symmetry of the fluorescence spectrum
with secular approximation

To further elucidate the role of the generalized parity in
determining the symmetry of the spectrum, we calculate the
spectrum in the Floquet picture, which allows us to derive
a physically transparent formal spectrum with the aid of the
secular approximation.

According to the Floquet theory [51,52], the time-
dependent Schrödinger equation governed by H̃ (t ) pos-
sesses a set of formal solutions |ψ̃α (t )〉 = |ũα (t )〉e−iε̃αt , where
|ũα (t )〉 = |ũα (t + T )〉 is a Floquet state and ε̃α is the corre-
sponding real-valued quasienergy. The index α labels inde-
pendent Floquet states. Substituting the formal solution into
the Schrödinger equation, one readily finds that

[H̃ (t ) − i∂t ]|ũα (t )〉 = ε̃α|ũα (t )〉. (6)

On solving this equation, one obtains the Floquet states and
quasienergies of the driven two-level system.

We use |ũα (t )〉 (α = ±) as the basis to reformulate the
master Eq. (2) and invoke the secular approximation [27,30],
yielding

d

dt
ρ̃++(t ) = −�relρ̃++(t ) + �s, (7)

d

dt
ρ̃+−(t ) = −(i	+− + �deph )ρ̃+−(t ), (8)

where ρ̃αβ (t ) = 〈ũα (t )|ρ̃(t )|ũβ (t )〉 is the element of density
operator, 	+− = ε̃+ − ε̃− is the difference of two quasiener-
gies, and �s = κ

∑
l |x(+)

−+,l |2, where x(+)
αβ,l is a time-averaged

transition matrix element defined as follows:

x(±)
αβ,l = 1

T

∫ T

0
〈ũα (t )|σ±|ũβ (t )〉e−i2π lt/T dt . (9)

The relaxation rate �rel and dephasing rate �deph are given by

�rel = κ
∑

l

(|x(+)
+−,l |2 + |x(+)

−+,l |2), (10)

�deph = κ

2

∑
l

(|x(+)
+−,l |2 + |x(+)

−+,l |2 + 4|x(+)
++,l |2). (11)

The analytical formal solutions in the Floquet picture can be
easily found as follows:

ρ̃++(t ) = ρ̃++(0)e−�relt + ρ̃ss
++(1 − e−�relt ), (12)

ρ̃+−(t ) = ρ̃+−(0)e−(�deph+i	+− )t , (13)

where

ρ̃ss
++ = �s

�rel
=

∑
l |x(+)

−+,l |2∑
l (|x(+)

+−,l |2 + |x(+)
−+,l |2)

(14)

is the steady-state population of the Floquet state. These so-
lutions together with the quantum regression theory enable us
to derive a physically transparent spectrum function [27,30]:

S(	) ∝
∑

l

{
π |x(+)

++,l |2(ρ̃ss
++ − ρ̃ss

−−)2δ(	 − lωz )

+ 4|x(+)
++,l |2ρ̃ss

++ρ̃ss
−−

�rel

�2
rel + (	 − lωz )2

+ |x(+)
+−,l |2ρ̃ss

++
�deph

�2
deph + (	 − lωz − 	+−)2

+ |x(+)
−+,l |2ρ̃ss

−−
�deph

�2
deph + (	 − lωz + 	+−)2

}
. (15)

It is evident that the accuracy of Eq. (15) is limited by the sec-
ular approximation when the transition matrix elements x(+)

αβ,l
and quasienergies are exactly calculated. As is well known,
the secular approximation can be justified under the strong
driving condition, 	+− � κ . In general, we can calculate the
quasienergies and transition matrix elements based on both
analytical and numerical diagonalization (ND) of the Floquet
Hamiltonian H̃ (t ) − i∂t in the Sambe space [51,52], yielding
the analytical and semianalytical spectra, respectively.

Next, we discuss the parity phenomenon of the Floquet
states resulting from Eq. (5). We consider the behavior of the
Floquet states under the generalized parity transformation PG,
which is defined as

PG|ũα (t )〉 := σx|ũα (t + T/2)〉. (16)

By differentiating σx|ũα (t + T/2)〉 with respect to t , we read-
ily obtain

[σxH̃ (t + T/2)σx − i∂t ]σx|ũα (t + T/2)〉
= ε̃ασx|ũα (t + T/2)〉. (17)

When δ + f (t ) = −[δ + f (t + T/2)], σx|ũα (t + T/2)〉 satis-
fies the same differential equation as |ũα (t )〉 because of
Eq. (5). Recalling the uniqueness of solutions of the differ-
ential equations, in such cases we must have

σx|ũα (t + T/2)〉 = λα|ũα (t )〉, (18)

where λα is a constant. Furthermore, we have λα = ±1 be-
cause of P2

G|ũα (t )〉 = λ2
α|ũα (t )〉 = |ũα (t )〉. Specifically, when
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δ + f (t ) = −[δ + f (t + T/2)], the Floquet states may be
even or odd functions under the generalized parity transfor-
mation, which is referred to as the generalized parity of the
Floquet states. The generalized parity has been previously
investigated in other phenomena such as the coherent de-
struction of tunneling [53] and the laser-induced electronic
transport [54].

Clearly, if δ + f (t ) 	= −[δ + f (t + T/2)], Eq. (18) cannot
hold as σxH̃ (t + T/2)σx 	= H̃ (t ), i.e., the effective Hamil-
tonian is no longer invariant under the generalized parity
transformation. Consequently, the Floquet states also do not
have the generalized parity.

We show that the symmetry of the spectrum may be a
consequence of the generalized parity of the Floquet states.
By using Eq. (18) and x(+)

αβ,l = [x(−)
βα,−l ]

∗
, it is straightforward

to show the following identity for arbitrary integer l from the
definition (9) of the transition matrix element:

x(+)
αβ,l = (−1)lλαλβ[x(+)

βα,−l ]
∗, (19)

provided δ + f (t ) = −[δ + f (t + T/2)]. It follows that

|x(+)
αβ,l | = |x(+)

βα,−l | (20)

also holds for any integer l . We emphasize that the relation
(20) can be deduced from relation (19); however, the relation
(19) cannot be derived from relation (20). With the relation
(20), it is straightforward to show that the spectrum (15) is
symmetric about 	 = 0 [27]. Specifically, since |x(+)

++,l | =
|x(+)

++,−l |, the emission lines at 	 = ±lωz (the positions are
symmetric about 	 = 0) have the equal weights. Moreover,
since |x(+)

+−,l | = |x(+)
−+,−l |, we also have ρ̃ss

++ = ρ̃ss
−− accord-

ing to Eq. (14), leading to |x(+)
+−,l |2ρ̃ss

++ = |x(+)
−+,−l |2ρ̃ss

−−, i.e.,
the emission lines at 	 = ±(lωz + 	+−) (the positions are
symmetric about 	 = 0) have the same weights. It turns out
that the symmetry of the spectrum fundamentally originates
from the generalized parity of the Floquet states when δ +
f (t ) = −[δ + f (t + T/2)]. Conversely, one may expect that
the symmetry of the spectrum may break when such a parity
is absent. However, it is a formidable task to analytically
prove that the spectrum is asymmetric in the absence of the
generalized parity.

Let us discuss what happens to the formal spectrum if
δ + f (t ) 	= −[δ + f (t + T/2)]. Under such a condition, the
generalized parity is absent, and thus we cannot have the
relation (19). In principle, the absence of the generalized

parity will result in two possible situations. One is that the
spectrum becomes asymmetric about 	 = 0 because the re-
lation |x(+)

αβ,l | 	= |x(+)
βα,−l | can be derived at least for a certain

l . The other is that the spectrum is symmetric because the
equality |x(+)

αβ,l | = |x(+)
βα,−l | still holds for any l , originating

from other kinds of identities between the transition matrix
elements rather than the generalized-parity-induced identity
(19). Apparently the first situation is more trivial than the
second one. Most importantly, the present analysis suggests
that the formal spectrum may be symmetric even without the
generalized parity. Consequently, we cannot conclude from
the formal spectrum (15) that the symmetry of the spectrum
breaks as long as the generalized parity is absent.

To end this section, we give some remarks on the above
findings based on the formal spectrum. First, we find that the
symmetry of the spectrum may result from the generalized
parity and requires δ + f (t ) = −[δ + f (t + T/2)]. This is
consistent with the analysis above without the secular ap-
proximation. Moreover, the generalized parity is found to be
an important underlying cause of the relation (20), which
was numerically found in the harmonic modulation case [27].
It turns out here that the relation (20) can be established
due to the generalized parity in the bi- and multiharmonic
cases. Second, without the generalized parity, namely, when
δ + f (t ) 	= −[δ + f (t + T/2)], the formal spectrum can be
either trivially asymmetric or nontrivially symmetric. The
symmetry requires the relation (20) in the absence of the gen-
eralized parity, namely, Eq. (19). Third, the formal spectrum is
derived with the secular approximation, and thus the present
analysis needs further verification. In what follows we con-
sider a concrete biharmonic modulation to verify whether the
generalized parity guarantees the symmetry of the spectrum
when the secular approximation is not invoked, and we also
check whether the relation (20) can be established without
the generalized parity and whether such relations lead to the
symmetry of the spectrum without the secular approximation.

III. VERIFICATION OF SYMMETRY AND ASYMMETRY
OF THE SPECTRUM

To calculate fluorescence spectrum, without loss of gener-
ality, we mainly consider the biharmonic modulation in this
work, namely, the modulation consists of two harmonics,

f (t ) = �z[cos(ωzt ) + r cos(pωzt + φ)], (21)

FIG. 1. The incoherent components of the fluorescence spectrum for p = 3, �x = 10κ, δ = 0, �z = ωz = 40κ, r = 1, and various
phases. “Ana.” and “Num.” denote the analytical and the FL numerical results, respectively.
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FIG. 2. The incoherent components of the fluorescence spectrum for p = 3, δ = 5κ, �x = 10κ, �z = ωz = 40κ, r = 1, and various
phases.

where �z and ωz = 2π/T are the amplitude and fundamental
frequency of the modulation, respectively, p is a positive
integer, r is the ratio of the amplitude of the second har-
monic to that of the first one, and φ is a relative phase.
Since 1

T

∫ T
0 f (t ) dt = 0, the condition for the presence of the

generalized parity δ + f (t ) = −[δ + f (t + T/2)] is equiva-
lent to δ = 0 and f (t ) = − f (t + T/2). The condition for
the absence of the generalized parity δ + f (t ) 	= −[δ + f (t +
T/2)] is simply divided into three cases:

δ 	= 0 and f (t ) = − f (t + T/2),

δ = 0 and f (t ) 	= − f (t + T/2),

δ 	= 0 and f (t ) 	= − f (t + T/2). (22)

It is noted that for the biharmonic modulation (21), both
f (t ) = − f (t + T/2) and f (t ) 	= − f (t + T/2) can be real-
ized by setting p odd and even numbers, respectively. To
verify the above analysis, we calculate the numerically exact
fluorescence spectrum from master equation (2) with the FL
formalism [37,50], which is compared with the analytical and
semianalytical results from Eq. (15). The analytical and semi-
analytical results are obtained by using the transition matrix
elements and quasienergies calculated with the Van Vleck
perturbation theory and the ND of the Floquet Hamiltonian,
respectively. The detailed analytical calculation is presented
in Appendix B. In addition, we just focus on the incoherent
components of the fluorescence spectrum, which is of interest
in the experiments. In principle, similar analysis is applicable
to the coherent components. In this work, we mainly consider
the parameter regime ωz ∼ �z � �x � κ , in which case both

the Van Vleck perturbation theory (up to second order in �x)
and secular approximation can be justified. Importantly, this
regime is experimentally accessible in the artificial atoms,
e.g., the transmon qubit [38]. We should emphasize that if
the perturbation theory is inapplicable, we can obtain the
transition matrix elements and quasienergies by the ND of the
Floquet Hamiltonian.

We first verify whether the generalized parity guarantees
the symmetry of the spectrum. In Fig. 1 we display the
incoherent component of fluorescence spectra obtained by the
FL numerical method (solid line) and analytical result (dashed
line) for p = 3, δ = 0, and various values of φ. Apparently
the spectra are symmetric as expected. The analytical results
are in agreement with the FL results. These results also show
that the spectrum depends weakly on the relative phase φ. In
addition, it is straightforward to verify that for other driving
parameters, the spectrum is symmetric as well when p is
an odd number and δ = 0. In Appendix C, we show that
when δ = 0 and p is odd, the transition matrix elements
indeed satisfy Eq. (19), which guarantees the symmetry of the
spectrum. The present results suggest that the symmetry of the
spectrum appears as long as δ = 0 and f (t ) = − f (t + T/2)
and fundamentally originates from the generalized parity of
the Floquet states in such a situation.

We move to examine whether the symmetry of the spec-
trum breaks when the generalized parity is absent, namely,
under the conditions δ + f (t ) 	= −[δ + f (t + T/2)]. We cal-
culate the spectra with the parameters being the same as
in Fig. 1 except for the detuning δ = 5κ , corresponding to
the case of δ 	= 0 and f (t ) = − f (T + T/2). In Fig. 2 the

FIG. 3. The incoherent components of the fluorescence spectrum for p = 2, δ = 0, �x = 10κ, �z = ωz = 40κ, r = 1, and various phases.
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FIG. 4. The incoherent components of fluorescence spectrum for p = 2, δ = 5κ, �x = 10κ, �z = ωz = 40κ, r = 1, and various phases.

analytical and FL numerical spectra agree with each other and
are found to be asymmetric for the finite detuning, indicating
that in spite of f (t ) = − f (t + T/2), the asymmetry of spec-
trum appears when δ 	= 0.

Let us consider the case of δ = 0 and f (t ) 	= − f (t +
T/2) by setting p being even. We calculate the spectrum for
p = 2 and the other parameters being the same as in Fig. 1.
Figure 3 displays that the analytical and numerical spectra
are pronouncedly asymmetric even though δ = 0 except for
φ = π/2 in which case the analytical spectrum is found
to be strictly symmetric (see discussion below), while the
numerical spectrum is slightly asymmetric [in particular, the
intensities of emission lines at 	 = ±ωz are unequal as shown
in Fig. 6(a) below]. These results confirm that the formal spec-
trum (15) may be symmetric without the generalized parity of
the Floquet states. However, the numerically exact spectrum
is asymmetric in the absence of the generalized parity. This
shows that the generalized parity plays an important role in
determining the symmetry of the exact spectrum. We will
further analyze such a discrepancy between the analytical and

numerical results later. In addition, we find that in contrast
with p = 3, the spectrum is found to depend strongly on
relative phase φ when p = 2.

Finally we calculate the spectra for δ 	= 0 and f (t ) 	=
− f (t + T/2). Figure 4 shows the spectra obtained for the
detuning δ = 5κ and the other parameters being the same
as in Fig. 3. The spectra are still asymmetric. In general, it
is straightforward to verify the asymmetry of the spectrum
under the condition that δ + f (t ) 	= −[δ + f (t + T/2)]. All
in all, it turns out that the symmetry of the spectrum breaks
in the absence of the generalized parity. Conversely, we can
say that the symmetry of the spectrum can be fully attributed
to the presence of the generalized parity. In contrast to the
previous studies, we ascribe the asymmetry to the breaking of
the generalized parity rather than the unequal populations of
dressed states [26] or the breakdown of relation (20) [27].

Let us explore how the analytical spectrum becomes sym-
metric in the absence of the generalized parity of the Floquet
states. To this end, we show that the relation (20) can originate
from the identities different from Eq. (19). Based on the

FIG. 5. Transition matrix elements x(+)
++,l versus driving strength �x , calculated from the analytical method and the numerical method based

on the ND of the Floquet Hamiltonian for p = 2, δ = 0, �z = ωz = 40κ, φ = π/2, and r = 1.
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FIG. 6. Weights of emission lines at 	 = ±ωz versus driving
strength �x , calculated from the semianalytical method and the FL
method, for p = 2, δ = 0, �z = ωz = 40κ, r = 1, and two values
of φ. “Semiana.” denotes the semianalytical result.

results from the Van Vleck perturbation theory, we analyti-
cally derive the identities for the transition matrix elements
in the case of vanishing detuning and even p. The derivation
is given in Appendix C. When p is even, δ = 0, and φ =
(1/2 + n)π (n = 0,±1,±2, . . .), we find that the following
relations hold for arbitrary integer l:

x(+)
++,−l = (−1)l x(+)

++,l , (23)

x(+)
−+,−l = −(−1)l e−i2θ0 x(+)

+−,l , (24)

where θ0 is a phase defined in Eq. (C5). Although the relations
(23) and (24) are derived based on the perturbation theory, it is
straightforward to show that they hold in the nonperturbative
regimes. In Fig. 5 we calculate x(+)

++,l (l = ±1,±2) with the
variation of �x by using the analytical and ND methods. We
see that the deviation between the analytical and numerical
results becomes larger and larger as �x increases, which is due
to the breakdown of the perturbation calculation. Neverthe-
less, x(+)

++,l obtained by the ND method still satisfies Eq. (23).
This suggests that the relations (23) and (24) are not limited
to the perturbative regimes. More importantly, it follows from
the identities (23) and (24) that |x(+)

αβ,l | = |x(+)
βα,−l |, which leads

to the symmetry of the formal spectrum (15), i.e., without the
generalized parity of the Floquet states, the relation (20) can
also be established from other kinds of the identities for the
transition matrix elements instead of the generalized-parity-
induced identity (19) under certain conditions.

The discrepancy in the symmetry predicted by the analyt-
ical and numerical methods shown in Fig. 3(b) indicates that
the relations (23) and (24) cannot guarantee the symmetry of
the spectrum without the secular approximation. To further
verify this, in Fig. 6 we use semianalytical and FL numerical
methods to calculate the weights of the emission lines at
	 = ±ωz with the increasing of �x for p = 2, δ = 0, and two
values of φ. It is evident that the weights calculated from the
semianalytical method (solid and dashed lines) are the same,
while the weights from the numerical method (dot-dashed and
dotted lines) are unequal, indicating that the semianalytical
spectrum is symmetric but the numerical spectrum is not
symmetric. The present results illustrate that that provided the
relation (20) is established in the absence of the generalized
parity, the secular approximation can induce artifact symme-
try that vanishes if such an approximation is not invoked.

Apart from the biharmonic modulation, we find that the
conditions for the symmetry and asymmetry of the spec-
trum, which are derived based on the generalized parity, are
applicable to the simple harmonic and multiharmonic mod-
ulation cases. For the simple harmonic modulation f (t ) =
�z cos(ωzt ), f (t ) = − f (t + T/2) is met. Therefore, the sym-
metry and asymmetry of the spectrum are uniquely controlled
by the detuning δ, which simply interprets the detuning-
dependent symmetry of the spectrum. Specifically, the spec-
trum is expected to be symmetric when δ = 0 and asymmetric
when δ 	= 0. This is consistent with the findings of previous
studies [26,27,37]. For the multiharmonic modulation f (t ) =∑N

p=1 �z,p cos(pωzt + φp)], where �z,p and φp are the ampli-
tude and phase of the pth harmonic, respectively, either f (t ) =
− f (t + T/2) or f (t ) 	= − f (t + T/2) can be met, similarly to
the biharmonic case. We have calculated the spectrum with
the FL and semianalytical methods for the cases of N =
3, N = 4, and N = 5. The results (not shown here) further
confirm that the symmetry and asymmetry of the spectrum
fundamentally originate from the presence and absence of the
generalized parity of the Floquet states, respectively.

IV. CONCLUSIONS

In summary, we have studied the fundamental origin of the
symmetry of the resonance fluorescence from the two-level
system subjected to a periodic frequency modulation and a
near-resonant high-frequency monochromatic excitation by
using both analytical and numerical methods based on Floquet
theory. In such a driven two-level system, we have found that
the generalized parity of Floquet states plays a fundamental
role in the symmetry of the spectrum. Specifically, the gener-
alized parity guarantees the symmetry of the spectrum. On
the other hand, when the generalized parity is broken, the
spectrum becomes asymmetric. This has been illustrated in
the context of the biharmonic modulation, the parameters of
which can be tuned to induce or break the generalized parity.
For the biharmonic modulation, we find that when δ = 0
and f (t ) = − f (t + T/2), the generalized parity exists and
the spectrum is symmetric. When δ + f (t ) 	= −[δ + f (t +
T/2)], the generalized parity is broken and the spectrum
is found to be asymmetric. Interestingly, we can obtain a
pronouncedly asymmetric spectrum by requiring the mod-
ulation f (t ) 	= − f (t + T/2) even though δ = 0. Moreover,
these conditions for the symmetry and asymmetry of the spec-
trum are found to be applicable to the simple harmonic and
multiharmonic modulation cases. In addition, we illustrated
that the secular approximation may induce artifact symmetry
that vanishes if the secular approximation is avoided under
certain conditions. The present study gives a deep insight into
the origin of the symmetry of the spectrum and reveals a
simple relation between the symmetry of the spectrum and
the generalized parity of the Floquet states.
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APPENDIX A: DERIVATION OF SYMMETRY OF THE
SPECTRUM WITHOUT THE SECULAR APPROXIMATION

The master equation can be rewritten in a matrix form:

d

dt
�̃ρ(t ) = L(t ) �̃ρ(t ). (A1)

Here the vector is defined as

�̃ρ(t ) = (〈σ̃+(t )〉, 〈σ̃−(t )〉, 〈π̃+(t )〉, 〈π̃−(t )〉)T, (A2)

where π± = (1 ± σz )/2 and 〈 ˜̂o(t )〉 ≡ Tr[ôρ̃(t )]. The superop-
erator L(t ) in the Liouville space spanned by the matrix bases
{σ±, π±} is given by

L(t ) =

⎛
⎜⎜⎜⎝

i[δ + f (t )] − κ
2 0 − i�x

2
i�x
2

0 −i[δ + f (t )] − κ
2

i�x
2

−i�x
2

−i�x
2

i�x
2 −κ 0

i�x
2

−i�x
2 κ 0

⎞
⎟⎟⎟⎠.

(A3)

If δ + f (t ) = −[δ + f (t + T/2)], in which case the
Hamiltonian is invariant under the generalized parity trans-
formation, one readily finds that

T L(t + T/2)T = L(t ), (A4)

where the transformation matrix is given by

T =

⎛
⎜⎜⎜⎝

0 1 0 0

1 0 0 0

0 0 −1 0

0 0 0 −1

⎞
⎟⎟⎟⎠, (A5)

and T 2 = I with I being the identity matrix. Similarly to
the Hamiltonian, the matrix L(t ) is invariant under the trans-
formation defined in Eq. (A4), which can be regarded as
the generalized parity transformation in the Liouville space,
similarly to that defined in Eq. (16).

Let us derive the specific property of the steady state in
the long-time limit [as det L(t ) = 0, there exists a nontrivial
steady state]. It follows from Eq. (A1) that

d

dt
�̃ρ(t + T/2) = L(t + T/2) �̃ρ(t + T/2), (A6)

which leads to
d

dt
T �̃ρ(t + T/2) = T L(t + T/2)T T �̃ρ(t + T/2)

= L(t )T �̃ρ(t + T/2), (A7)

which means that T �̃ρ(t + T/2) = c �̃ρ(t ), owing to the unique-
ness of solutions of the differential equation. On using the fact
that �̃ρ(t ) = �̃ρ(t + T ) as t → ∞ because of L(t ) = L(t + T ),
we find that c may be either +1 or −1. It is easy to prove
by contradiction that c = −1. Suppose that c = 1, yield-
ing 〈π̃+(t + T/2)〉 = −〈π̃+(t )〉. However, if one considers
δ + f (t ) = 0 in which case L(t ) is time independent while
Eq. (A4) still holds, the steady state becomes time indepen-
dent and one gets 〈π̃+(t )〉 = 〈π̃+(t + T/2)〉. By contradiction,
one finds that c = −1. Consequently, in the steady-state limit,
we have

T �̃ρ(t + T/2) = −�̃ρ(t ) (t → ∞). (A8)

Next, let us derive the property of the principal matrix
solution �(t, t ′) of the master equation, which solves the
differential equation

d

dt
�(t, t ′) = L(t )�(t, t ′), (A9)

with the initial condition �(t ′, t ′) = I . It is straightforward to
show that

d

dt
T �(t + T/2, t ′ + T/2)T

= T L(t + T/2)T T � × (t + T/2, t ′ + T/2)T
= L(t )T �(t + T/2, t ′ + T/2)T , (A10)

namely, T �(t + T/2, t ′ + T/2)T satisfies the same differen-
tial equation and the same initial condition as �(t, t ′). As a
result, we simply have

T �(t + T/2, t ′ + T/2)T = �(t, t ′). (A11)

According to the quantum regression theory [1], the two-
time correlation functions

�̃g(t, t ′) = (〈σ̃+(t )σ̃−(t ′)〉, 〈σ̃−(t )σ̃−(t ′)〉, 〈π̃+(t )σ̃−(t ′)〉,
×〈π̃−(t )σ̃−(t ′)〉)T (A12)

satisfy the same equation as �̃ρ(t ), however, with a different
initial condition

�̃g(t ′, t ′) = (〈π̃+(t ′)〉, 0, 0, 〈σ̃−(t ′)〉)T. (A13)

Similarly, another set of two-time correlation functions

�̃G(t, t ′) = (〈σ̃+(t ′)σ̃+(t )〉, 〈σ̃+(t ′)σ̃−(t )〉, 〈σ̃+(t ′)π̃+(t )〉,
×〈σ̃+(t ′)π̃−(t )〉)T (A14)

also satisfy the same differential equation as �̃g(t, t ′) but with
the initial condition

�̃G(t ′, t ′) = (0, 〈π̃+(t ′)〉, 0, 〈σ̃+(t ′)〉)T. (A15)

Using Eq. (A8), we have

T �̃g(t ′, t ′) =

⎛
⎜⎜⎜⎝

0

〈π̃+(t ′)〉
0

−〈σ̃−(t ′)〉

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

0

〈π̃+(t ′ + T/2)〉
0

〈σ̃+(t ′ + T/2)〉

⎞
⎟⎟⎟⎠

= �̃G
(

t ′ + T

2
, t ′ + T

2

)
(t ′ → ∞). (A16)

In the steady-state limit, the correlation functions are found to
have the following relation:

�̃g(t, t ′) = �(t, t ′)�̃g(t ′, t ′)

= T �

(
t + T

2
, t ′ + T

2

)
T �̃g(t ′, t ′)

= T �

(
t + T

2
, t ′ + T

2

)
�̃G
(

t ′ + T

2
, t ′ + T

2

)

= T �̃G
(

t + T

2
, t ′ + T

2

)
(t ′ → ∞). (A17)
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It follows that as t ′ → ∞,

〈σ̃+(t )σ̃−(t ′)〉 = 〈σ̃+(t ′ + T/2)σ̃−(t + T/2)〉
= 〈σ̃+(t + T/2)σ̃−(t ′ + T/2)〉∗. (A18)

In the steady-state limit, the first-order correlation function
depends explicitly on time t ′; however, the t ′ dependence can
be eliminated by setting t = τ + t ′ and integrating over t ′ (be-
cause the contributions of t ′-dependent terms are negligible to
a long-time observation), yielding the τ -dependent first-order
correlation function:

¯̃g1(τ ) ≡ 1

T

∫ T

0
lim

t ′→∞
〈σ̃+(τ + t ′)σ̃−(t ′)〉 dt ′

= 1

T

∫ T

0
lim

t ′→∞
〈σ̃+(τ + t ′ + T/2)σ̃−(t ′ + T/2)〉∗ dt ′

= 1

T

∫ T +T/2

T/2
lim

t ′→∞
〈σ̃+(τ + t ′)σ̃−(t ′)〉∗ dt ′

= 1

T

∫ T

0
lim

t ′→∞
〈σ̃+(τ + t ′)σ̃−(t ′)〉∗ dt ′

= ¯̃g∗
1(τ ), (A19)

where we used relation (A18) and the fact that 〈σ̃+(τ +
t ′ + T )σ̃−(t ′ + T )〉∗ = 〈σ̃+(τ + t ′)σ̃−(t ′)〉∗ as t ′ → ∞. This
means that the generalized parity guarantees that the corre-
lation function is a real-valued function of τ in the rotating
frame and thus results in the symmetry of the spectrum when
δ + f (t ) = −[δ + f (t + T/2)]. This is consistent with the
prediction from the spectrum (15).

In general, it is a formidable task to show that the spectrum
is asymmetric when δ + f (t ) 	= −[δ + f (t + T/2)] with or
without the secular approximation. Nevertheless, from the
above derivation, one readily notes that the generalized par-
ity plays an important role in determining the symmetry
of the spectrum. Consequently, if such parity breaks, it is
not difficult to imagine that the symmetry of the spectrum
also breaks trivially if there is no other symmetry-inducing
mechanism.

APPENDIX B: ANALYTICAL CALCULATION
OF QUASIENERGIES AND TRANSITION MATRIX

ELEMENTS IN THE BIHARMONIC MODULATION CASE

We use the Van Vleck perturbation theory [3,55] to an-
alytically calculate the quasienergies and transition matrix
elements x(+)

αβ,l for the biharmonic modulation, which leads to
the analytical fluorescence spectrum. Since we are interested
in the regime of �z, ωz � �x, which is accessible in the
experiment [38], we use �x as the perturbation parameter. We
first transform Eq. (6) with the unitary transformation

eS(t )[H̃ (t ) − i∂t ]e
−S(t )eS(t )|ũα (t )〉 = ε̃αeS(t )|ũα (t )〉, (B1)

where

S(t ) = i
�z

2ωz

{
sin(ωzt ) + r

p
[sin(pωzt + φ) − sin φ]

}
σz.

(B2)

We can define the transformed Floquet states and transformed
Hamiltonian as follows:

|u′
α (t )〉 = eS(t )|ũα (t )〉, (B3)

H ′(t ) = eS(t )[H̃ (t ) − i∂t ]e
−S(t )

= 1

2
δσz + 1

2

∑
l

( flσ+ + f ∗
−lσ−)eilωzt , (B4)

where

fl = �xFl , (B5)

and

Fl = 1

T

∫ T

0
ei �z

ωz
{sin(ωzt )+ r

p [sin(pωzt+φ)−sin φ]}−ilωzt dt

= e−i�
∑

k

Jk

(
r�z

pωz

)
Jl−kp

(
�z

ωz

)
eikφ, (B6)

with � = r�z

pωz
sin φ and Jk (z) being the Bessel function of the

first kind. To proceed, we introduce an extended Hilbert space
in which the time-dependent Floquet Hamiltonian H ′(t ) −
i∂t becomes time independent [52]. One readily introduces
the Fourier basis |l〉 ≡ exp(ilωzt ) and inner product 〈l|n〉 ≡
1
T

∫ T
0 exp[i(n − l )ωzt] dt = δl,n, where δl,n is the Kronecker

delta function. Denoting |↑〉 and |↓〉 as the eigenstates for
σz with the eigenvalues +1 and −1, respectively, one gets
the composite bases |↑(↓), l〉 = |↑(↓)〉 ⊗ |l〉. In the extended
Hilbert space spanned by such bases, we can obtain the
explicit form of the Floquet Hamiltonian, which is written as

H ′
F = H ′(t ) − i∂t

= 1

2
δσz +

∑
n

nωz|n〉〈n| + 1

2

∑
n,l

( flσ+ + f ∗
−lσ−)

⊗ |n + l〉〈n|. (B7)

The Floquet Hamiltonian has an infinite size and is difficult
to be diagonalized exactly in analytical calculation. To carry
out the perturbation calculation, we transform the Floquet
Hamiltonian with a further unitary transformation with the
Hermitian generator K , leading to

H ′′
F = eiK H ′

Fe−iK

= H ′
F + [iK, H ′

F ] + 1

2!
[iK, [iK, H ′

F ]] + · · · , (B8)

where the explicit form of K is to be determined by requiring
H ′′
F to be block diagonal. The generator is expanded as

K = K (1) + K (2) + K (3) + · · · , (B9)

where the superscripts indicate the orders in the perturbation.
We use H0 = 1

2δσz +∑n nωz|n〉〈n| and V = 1
2

∑
n,l ( flσ+ +

f ∗
−lσ−) ⊗ |n + l〉〈n| as the dominant and perturbation compo-

nents, respectively. Up to the second order in �x, we have

H ′′
F � H0 + V + [iK (1), H0] + [iK (1),V ] + [iK (2), H0]

+ 1
2 [iK (1), [iK (1), H0]]. (B10)

Next, we discuss under which condition the transformed
Hamiltonian may reasonably be block diagonal. For the
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dominant component H0, we simply have H0 |↑(↓), n〉 =
[+(−)δ/2 + nωz] |↑(↓), n〉 ≡ ε̃

(0)
+(−),n |↑(↓), n〉. Provided that

ε̃
(0)
+,n − ε̃

(0)
−,n+m = δ − mωz ≈ 0, we have a subspace spanned

by two almost degenerate unperturbed states |↑, n〉 and
|↓, n + m〉, where n is an arbitrary integer and m is the
integer nearest to δ/ωz. The projection onto such a subspace
is realized by the operator:

�n = |↑, n〉〈↑, n | + |↓, n + m〉〈↓, n + m|. (B11)

The eigenvalues of the dominant component H0 in the nth sub-
space are well separated from those in the (n + l )th subspace
as long as |lωz| � |δ − mωz| for any l 	= 0. Moreover, if we
assume that

|〈↑, n|V |↓, n + l + m〉| � ∣∣ε̃(0)
+,n − ε̃

(0)
−,n+l+m

∣∣, (B12)

which is simply | f−l−m/2| � |lωz|, the transitions between
the states in the different subspaces can be neglected up to

a certain order in the perturbation [3], yielding the following
condition:

�nH ′′
F�l = 0, (B13)

for n 	= l . Therefore, H ′′
F is block diagonal. The second condi-

tion that K cannot have matrix elements inside each subspace
of two almost degenerate states is also assumed:

�nK�n = 0. (B14)

The generator can now be fully determined via Eqs. (B13)
and (B14). The nonvanishing elements of K (1) and K (2) are
given by

〈↑, n|iK (1) |↓, l〉 = 1

2

fn−l

δ + (n − l )ωz
, (B15)

〈↓, l|iK (1) |↑, n〉 = −1

2

f ∗
n−l

δ + (n − l )ωz
, (B16)

for n − l 	= −m, and

〈↑, n|iK (2)|↑, l〉 = 1

4(n − l )ωz

⎧⎨
⎩

∑
k 	=n+m,l+m

fn−k f ∗
l−k

2

[
1

δ + (n − k)ωz
+ 1

δ + (l − k)ωz

]

+ f ∗
l−n−m f−m

δ + (l − n − m)ωz
+ fn−l−m f ∗

−m

δ + (n − l − m)ωz

}
, (B17)

〈↓, n|iK (2)| ↓, l〉 = − 1

4(n − l )ωz

⎧⎨
⎩

∑
k 	=l−m,n−m

f ∗
k−n fk−l

2

[
1

δ + (k − n)ωz
+ 1

δ + (k − l )ωz

]

+ f ∗
l−n−m f−m

δ + (l − n − m)ωz
+ fn−l−m f ∗

−m

δ + (n − l − m)ωz

}
, (B18)

for n 	= l . The rest of the elements of K (1) and K (2) are vanishing.
The transformed Hamiltonian has the 2 × 2 submatrix H ′′(n)

F in the diagonal, which reads [3]

H ′′(n)
F = H0�n + �nV �n + 1

2
�n[iK (1),V ]�n =

⎛
⎝ δ

2 + nωz +∑ j 	=−m
| f j |2

4(δ+ jωz )
f−m

2
f ∗
−m

2 − δ
2 + (n + m)ωz −∑ j 	=−m

| f j |2
4(δ+ jωz )

⎞
⎠. (B19)

One can diagonalize the submatrix H ′′(n)
F analytically. Its eigenvalues (quasienergies) are

ε̃±,n = 1
2 (mωz ± �m) + nωz, (B20)

where

�m =

√√√√√
⎡
⎣δ − mωz +

∑
j 	=−m

| f j |2
2(δ + jωz )

⎤
⎦

2

+ | f−m|2. (B21)

The eigenvectors are given by

|� ′′
+,n〉 = u |↑, n〉 + v |↓, n + m〉, (B22)

|� ′′
−,n〉 = v |↑, n〉 − u∗ |↓, n + m〉, (B23)

with

u = f−m

| f−m|

√√√√√1

2

⎧⎨
⎩1 + 1

�m

⎡
⎣δ − mωz +

∑
j 	=−m

| f j |2
2(δ + jωz )

⎤
⎦
⎫⎬
⎭, (B24)

v =

√√√√√1

2

⎧⎨
⎩1 − 1

�m

⎡
⎣δ − mωz +

∑
j 	=−m

| f j |2
2(δ + jωz )

⎤
⎦
⎫⎬
⎭. (B25)
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The eigenvectors for H ′
F can be derived as follows:

|� ′
±,n〉 = e−iK |� ′′

±,n〉 �
(

1 − iK (1) − iK (2) + 1

2!
iK (1)iK (1)

)
|� ′′

±,n〉. (B26)

It is straightforward to derive the explicit form of the eigenvectors, which reads

|� ′
+,n〉 = 1

N

⎧⎨
⎩uB |↑, n〉 −

∑
j 	=0

Pj |↑, n + j〉 + vB |↓, n + m〉 +
∑
j 	=0

Qj |↓, n + m + j〉
⎫⎬
⎭, (B27)

|� ′
−,n〉 = 1

N

⎧⎨
⎩vB |↑, n〉 +

∑
j 	=0

Q∗
− j |↑, n + j〉 − u∗B |↓, n + m〉 +

∑
j 	=0

P∗
− j |↓, n + m + j〉

⎫⎬
⎭, (B28)

where

B = 1 − 1

8

∑
l 	=−m

| fl |2
(δ + lωz )2

, (B29)

Pj = f j−m

2[δ + ( j − m)ωz]

(
v + u f ∗

−m

2 jωz

)
+ u

4 jωz

∑
k 	=−m

fk+ j f ∗
k

δ + kωz
, (B30)

Qj = f ∗
− j−m

2[δ − ( j + m)ωz]

(
u + v f−m

2 jωz

)
+ v

4 jωz

∑
k 	=−m

f ∗
k− j fk

δ + kωz
, (B31)

and N =
√

B2 +∑ j 	=0(|Pj |2 + |Qj |2) is the normalization factor. The Floquet states |u′
α,n(t )〉 with the quasienergy ε̃α,n can be

derived from |� ′
α,n〉 by replacing |n〉 with einωzt .

With the above results at hand, we can analytically calculate the transition matrix element

x(+)
αβ,l = 1

T

∫ T

0
〈ũα (t )|σ±|ũβ (t )〉e−ilωzt dt = 1

T

∫ T

0
〈u′

α (t )|eS(t )σ+e−S(t )|u′
β (t )〉e−ilωzt dt

=
∑

n

1

T

∫ T

0
Fn〈u′

α (t )|σ+|u′
β (t )〉ei(n−l )ωzt dt =

∑
n

Fn+l〈� ′
α,0|σ+|� ′

β,n〉, (B32)

and

〈� ′
+,0|σ+|� ′

+,n〉 = 1

N 2

⎧⎨
⎩u∗vB2δn,−m −

∑
j 	=0,n+m

P∗
j Q j−n−m + (u∗Q−n−m − vP∗

n+m)B(1 − δn,−m)

⎫⎬
⎭, (B33)

〈� ′
+,0|σ+|� ′

−,n〉 = 1

N 2

⎧⎨
⎩−(u∗)2B2δn,−m −

∑
j 	=0,n+m

P∗
j P∗

n+m− j + 2u∗P∗
n+mB(1 − δn,−m)

⎫⎬
⎭, (B34)

〈� ′
−,0|σ+|� ′

+,n〉 = 1

N 2

⎧⎨
⎩v2B2δn,−m +

∑
j 	=0,n+m

Q− jQ j−n−m + 2vQ−n−mB(1 − δn,−m)

⎫⎬
⎭, (B35)

〈� ′
−,0|σ+|� ′

−,n〉 = 1

N 2

⎧⎨
⎩−u∗vB2δn,−m +

∑
j 	=0,n+m

P∗
j Q j−n−m + (vP∗

n+m − u∗Q−n−m)B(1 − δn,−m)

⎫⎬
⎭, (B36)

where (1 − δn,−m) indicates that the term vanishes for n =
−m. Clearly, the validity of the perturbation theory is limited
to the condition (B12). For δ ≈ 0, roughly speaking, the above
results can be justified when r ∼ 1 and ωz ∼ �z � �x.

APPENDIX C: EQUALITIES FOR TRANSITION MATRIX
ELEMENTS IN THE VANISHING DETUNING CASE

For the biharmonic modulation, we show the equalities
that the transition matrix elements satisfy under the vanishing
detuning condition (δ = 0) using the above analytical results,

which helps us to understand the symmetry of the spectrum in
the main text. It follows from Eq. (B6) that

F−l = e−i�
∑

k

Jk

(
r�z

pωz

)
J−l−kp

(
�z

ωz

)
eikφ

= (−1)l e−i�
∑

k

Jk

(
r�z

pωz

)
(−1)k(p+1)

× Jl−kp

(
�z

ωz

)
e−ikφ, (C1)
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where we used the relation J−n(z) = (−1)nJn(z). It is evi-
dent that when p is an odd number, p + 1 is even and thus
(−1)k(p+1) = 1, leading to

F−l = (−1)l e−i2�F ∗
l . (C2)

When p is an even number, (−1)k(p+1) = (−1)k may be either
+1 or −1. Nevertheless, we can obtain a simple relation
between Fl and F−l by setting

(−1)ke−ikφ = eikφ, (C3)

which yields that φ = (1/2 + n)π (n = 0,±1,±2, . . .). With
an even p and such values of phase, we have

Fl = (−1)lF−l . (C4)

We should emphasize that Eqs. (C2) and (C4) hold under
different conditions. The former is available when p is odd
and regardless of φ, while the latter is established when p is
even and φ = (1/2 + n)π .

Provided that δ = 0, we get m = δ/ωz = 0. We define the
phase of F0 via

F0 = e−iθ0 |F0|. (C5)

Together with Eqs. (B24) and (B25), we simply have

v = ueiθ0 (C6)

with the aid of Eq. (C2) or (C4). Such an equality between
u and v is valid only for δ = 0 and in the valid regime of
Eq. (C2) or (C4).

1. Odd p

We consider that p is an odd number. It follows from
Eq. (B6) that θ0 = �. Using δ = 0 and Eqs. (C2) and (C6),
one readily gets from Eqs. (B30) and (B31) that

Qj = − f ∗
− j

2 jωz

(
u + v f0

2 jωz

)
+ v

4 jωz

∑
k 	=0

f ∗
k− j fk

kωz

= (−1) j+1ei2� f j

2 jωz

(
u + v f ∗

0 e−i2�

2 jωz

)
+ v

4 jωz

∑
k 	=0

f ∗
−k− j f−k

−kωz

= (−1) j+1ei� f j

2 jωz

(
v + u f ∗

0

2 jωz

)
+ ei�u

4 jωz

∑
k 	=0

(−1) j+1 fk+ j f ∗
k

kωz

= (−1) j+1ei�Pj . (C7)

From this relation and Eqs. (B32)–(B35), it is straightforward to show that

[
x(+)
−+,−l

]∗
=
∑

n

F ∗
n−l

N 2

⎧⎨
⎩v2B2δn,0 +

∑
j 	=0,n

Q∗
− jQ

∗
j−n + 2vBQ∗

−n(1 − δn,0)

⎫⎬
⎭

=
∑

n

F ∗
−n−l

N 2

⎧⎨
⎩v2B2δn,0 +

∑
j 	=0,−n

Q∗
− jQ

∗
j+n + 2vBQ∗

n(1 − δn,0)

⎫⎬
⎭

=
∑

n

(−1)n+lFn+l ei2�

N 2

⎧⎨
⎩v2B2δn,0 +

∑
j 	=0,n

Q∗
j Q

∗
n− j + 2vBQ∗

n(1 − δn,0)

⎫⎬
⎭

=
∑

n

(−1)n+lFn+l ei2�

N 2

⎧⎨
⎩v2B2δn,0 +

∑
j 	=0,n

(−1)ne−i2�P∗
j P∗

n− j + 2vB(−1)n+1e−i�P∗
n (1 − δn,0)

⎫⎬
⎭

= (−1)l
∑

n

Fn+l

N 2

⎧⎨
⎩(u∗)2B2δn,0 +

∑
j 	=0,n

P∗
j P∗

n− j − 2u∗BP∗
n (1 − δn,0)

⎫⎬
⎭

= −(−1)l x(+)
+−,l . (C8)

Similarly, we find that [x(+)
++,−l ]

∗ = (−1)l x(+)
++,l . Not surprisingly, due to the generalized parity of the Floquet states, the transition

matrix elements satisfy Eq. (19) as long as δ + f (t ) = −[δ + f (t + T/2)]. For the biharmonic modulation, such equalities are
established when p is odd and δ = 0.

2. Even p

We move to consider that p is an even number. In such a case, the generalized parity of the Floquet states is broken even if
δ = 0. Thus, we cannot expect that the transition matrix elements satisfy Eq. (19). However, we have another type of equality.
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With Eqs. (C4) and (C6), one gets

Qj = f ∗
− j

−2 jωz

(
u + v f0

2 jωz

)
+ v

4 jωz

∑
k 	=0

f ∗
k− j fk

kωz

= (−1) j+1 f ∗
j

2 jωz

(
u + v f0

2 jωz

)
+ v

4 jωz

∑
k 	=0

(−1) j+1 f ∗
j−k f−k

−kωz

= (−1) j+1e−iθ0 f ∗
j

2 jωz

(
v + u∗ f0

2 jωz

)
+ e−iθ0 u∗

4 jωz

∑
k 	=0

(−1) j+1 f ∗
j+k fk

kωz

= (−1) j+1e−iθ0 P∗
j . (C9)

It is straightforward to derive Eqs. (23) and (24) via Eqs. (B32)–(B35) and (C9). We stress that the conditions for establishing
such relations require that p is even, φ = (1/2 + n)π , and δ = 0.
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We investigate the transient dynamics of quantum coherence for a system of two central spins in a spin-
star environment by employing a numerical procedure based on a Laguerre polynomial expansion scheme. The
dynamics of the total, local, and global coherence are calculated for different values of the anisotropy parameter,
the system-bath interaction strengths, and temperature for different initial bipartite states. Significant dynamical
features of quantum coherence are found as follows: (i) an X state can only have global coherence; (ii) a state with
only initial local coherence gains global coherence during the course of evolution by the induced correlations
between the two-qubit system and the common bath; (iii) an incoherent state gains coherence by interacting
with an external bath. We find there are two primary ways to gain coherence for an incoherent state: one is by
interacting with the external quantum bath and the other is through interconversion of other quantum properties
such as purity into coherence. Finally, we demonstrate that our results for the system in an infinite bath also hold
qualitatively when the system is in contact with a finite bath.

DOI: 10.1103/PhysRevA.100.042333

I. INTRODUCTION

The field of quantum information science has shown nu-
merous advantages of using quantum mechanics over classical
physics in technological applications, such as with quantum
computing algorithms, quantum metrology, quantum simula-
tion, and quantum cryptography. This improvement is due to
the utilization of coherent quantum resources such as entan-
glement and superposition. In any realistic situation, the quan-
tum computer will possess various channels of decoherence,
due to their interaction with the external environment and
hence such systems should be considered as open quantum
systems. One of the best investigated quantum resources in the
context of quantum information processing is entanglement.
While an essential ingredient for many quantum information
processing tasks, it has become more apparent in recent years
that it is not the only quantum resource that can be exploited,
and there are several other quantum resources such as discord
[1,2], coherence [3], steering [4], and contextuality [5], which
can be used for various applications.

*zglv@sjtu.edu.cn
†jingjun@zju.edu.cn
‡tim.byrnes@nyu.edu

Coherence is a well-known feature of quantum mechanics
since the concept of wave-particle duality was first introduced.
While it was studied intensively in the context of phase-space
distributions and higher-order correlation functions, it was
never quantified in a rigorous sense in terms of a quantum
information quantity. This was performed recently by Baum-
gratz, Cramer, and Plenio [3], and improved upon by many
subsequent works focused on measuring and distribution of
quantum coherence [3,6–14]. It has also been investigated in
a wide variety of systems like Bose-Einstein condensates [15],
cavity electrodynamics [16], and spin systems [17–20].

Recently, there have been many advancements in qubit
technology for various systems [21]. In particular, for qubits
made using quantum dots [22,23] and NV centers [24], the
qubit system is located in a solid-state medium which contains
many other spin systems such as the nuclear spins of the host
material. This naturally leads to a very complex interaction
between the qubit and the neighboring spin systems, which
may also be mutually interacting. Due to the complex dy-
namics induced by the spin environment on the qubits, still
a lot of work has to be done to completely understand the
dynamics of NV centers and quantum dots [25]. In general,
in solid state devices such as quantum dots and NV centers
there is background noise due to the presence of nuclear spins.
The qubit-nuclear spin system can be modeled as a central
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spin in contact with a spin bath. The transient dynamics of
entanglement in such systems has been studied using several
techniques such as perturbative methods [26] and mean-field
approximation [27]. In Ref. [28], the dynamics of a central
spin coupled to a spin-star network through a Heisenberg XX
coupling was studied. This was extended to two central spins
in Ref. [29]. The entanglement dynamics of a very general
Heisenberg XY model was solved using an operator technique
in Ref. [30]. Later a semianalytic model was introduced in
Refs. [31–33] to investigate the dynamics of entanglement in
the anisotropic XY model for an arbitrary initial state. This
model has wide applications in several quantum information
processing systems such as quantum dots and cavity QED
[34–37].

In this paper, we investigate the dynamics of an open two
spin qubit system in a spin-star network with a homogenous
coupling to the environment spins. We consider the two spins
to be separated sufficiently that the direct spin-spin coupling
between them can be neglected. Through the use of Holstein-
Primakoff transformation we convert our model to a spin-
boson Hamiltonian, and compute the dynamics of the two
central spins through a numerical simulation assuming differ-
ent pure and mixed initial states. The dynamics of quantum
coherence is measured using the relative entropy of coherence
[3]. The coherence is decomposed into contributions arising
due to correlations between the qubits or locally, called the
global coherence and local coherence [8,38], respectively. The
manuscript is organized as follows. In Sec. II and Sec. III we
describe the spin model and the coherence measure, respec-
tively. The numerical techniques are explained in detailed in
Sec. IV. The dynamics of pure states are analyzed through
the study of the Bell states, coherent separable state, and
incoherent separable state in Sec. V. The mixed states are
considered in Sec. VI through the investigation of Werner-Bell
states, mixed separable state, and the maximally mixed states.
We present our conclusions in Sec. VII.

II. DESCRIPTION OF THE MODEL

We consider a two-qubit subsystem interacting with an
external bath, where both the subsystem and the bath are
composed of two level systems. The spin-star configuration is
a structure in which the two-qubit subsystem is surrounded by
N-spin particles located on the surface of a sphere. The spins
in the subsystem interact with the bath spins through a Heisen-
berg XY -type interaction. In addition, the bath spins interact
between themselves through an XY spin interaction. Here
we assume that each spin in the bath interacts with the two
central spins with equal strengths, similar to that discussed
in Refs. [28,30,39,40]. The Hamiltonian corresponding to the
total system comprising the spin subsystem and the spin bath
can be decomposed into three parts

H = HS + HSB + HB, (1)

where HS and HB are the Hamiltonians of the subsys-
tem and the bath, respectively, while HSB describes the
interaction between the bath and the subsystem. In terms
of the spin operators, the Hamiltonians HS , HB, and HSB

read

HS = μ0
(
σ z

01 + σ z
02

)
, (2)

HSB = g0

2
√

N

N∑
i=1

[
(1 + γ )

(
σ x

01σ
x
i + σ x

02σ
x
i

)

+ (1 − γ )
(
σ

y
01σ

y
i + σ

y
02σ

y
i

)]
, (3)

HB = g

2N

N∑
i �= j

[
(1 + γ )σ x

i σ x
j + (1 − γ )σ y

i σ
y
j

]
, (4)

where the σ
x,y,z
i represents the Pauli spin operators and the

index i runs from 1 to N , where N is the number of spins in
the bath. Here σ

x,y,z
01 (σ x,y,z

02 ) represents the Pauli spin operator
corresponding to the first (second) spin of the system. The
coupling between the system and any bath spin is g0, while g
is the coupling between the bath spins. The factor μ0 describes
the coupling between the spin qubit and the external field in
the Ẑ direction. The anisotropy parameter has a range γ ∈
[−1, 1], where γ = 0 means the interaction is of an isotropic
case and γ = 1 represents a strong anisotropic case (Ising type
interaction). The spin-star environment is symmetric in the
parameter γ about the point γ = 0 and hence we will consider
only the regime γ ∈ [0, 1].

The interaction Hamiltonian and the bath Hamiltonian can
be rewritten using the spin raising and lowering operators
σ± = (σ x ± iσ y)/2 as

HSB = g0√
N

[ N∑
i=1

σ+
i (γ σ+

01 + σ−
01) +

N∑
i=1

σ−
i (σ+

01 + γ σ−
01)

+
N∑

i=1

σ+
i (γ σ+

02 + σ−
02) +

N∑
i=1

σ−
i (σ+

02 + γ σ−
02)

]
, (5)

HB = g

N

N∑
i �= j

[γ (σ+
i σ+

j + σ−
i σ−

j ) + (σ+
i σ−

j + σ−
i σ+

j )]. (6)

Due to the symmetric coupling of the bath spin operators, we
can introduce the collective angular momentum operator J± =∑N

i=1 σ±
i . Substituting J± into (5) and (6), we get

HSB = g0√
2 j

[J+(γ σ+
01 + σ−

01) + J−(γ σ+
01 + σ−

01)

+ J+(γ σ+
02 + σ−

02) + J−(γ σ+
02 + σ−

02)], (7)

HB = g

2 j
[γ (J+J+ + J−J−) + (J+J− + J−J+ − 2 j)], (8)

where j = N/2. Now we perform a Holstein-Primakoff trans-
formation [41]

J+ = b†(
√

2 j − b†b), J− = (
√

2 j − b†b)b, (9)

to transform the collective angular momentum operators to
bosonic operators b, obeying bosonic commutation relations
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[b, b†] = 1. The Hamiltonians (7) and (8) can be recast as

HSB = g0

[
b†

√
1 − b†b

N
(γ σ+

01 + σ−
01 + γ σ+

02 + σ−
02)

+
√

1 − b†b

N
b(σ+

01 + γ σ−
01 + σ+

02 + γ σ−
02)

]
, (10)

HB = g

[
γ

(
b†

√
1 − b†b

N
b†

√
1 − b†b

N

+
√

1 − b†b

N
b

√
1 − b†b

N
b

)
+ b†

(
1 − b†b

N

)
b

+
√

1 − b†b

N
bb†

√
1 − b†b

N
− 1

]
. (11)

In the thermodynamic limit N → ∞, Eqs. (10) and (11) can
be well approximated by

HSB = g0[b† (γ σ+
01 + σ−

01 + γ σ+
02 + σ−

02)

+ b (σ+
01 + γ σ−

01 + σ+
02 + γ σ−

02)], (12)

HB = g[γ (b†2 + b2) + 2b†b]. (13)

Thus we find that the initial Hamiltonian describing a two-
qubit spin system in a spin-star environment is transformed to
a Hamiltonian describing a two-qubit system interacting with
a single-mode thermal bosonic bath field. This can be equally
considered to be a nontrivial problem in cavity quantum
electrodynamics.

III. MEASUREMENT OF QUANTUM COHERENCE

We now turn to analyzing the dynamics of coherence of
the bipartite spin system immersed in a common spin environ-
ment, as described by the Hamiltonian in the last section. To
investigate the quantum coherence we use the relative entropy
of coherence measure given by [3]

CT (ρs) = min
σ∈I

S(ρs‖σ ) = S(ρd ) − S(ρs), (14)

where we denote the set of incoherent states by I and ρd is
the diagonal matrix corresponding to the density matrix of the
two-qubit subsystem ρs. The coherence quantified by (14) is
the total coherence of the subsystem. Unlike entanglement,
coherence can either be localized within the qubits (local
coherence) or may exist as correlations between the qubits
(global coherence) [8]. The local coherence can be measured
using the relation

CL = S(π (ρs)‖[π (ρs)]d ), (15)

where π (ρs) = ρ1 ⊗ ρ2 is the product state of the two central
spins and ρ1,2 = Tr2,1ρs. The global coherence can be found
from the total coherence (14) and the local coherence (15) by
considering their difference

CG = CT − CL. (16)

IV. NUMERICAL CALCULATION PROCEDURE

We now describe the numerical methods used in this work
to find the time evolved density matrix ρ(t ) from an initial

density matrix. We take the initial density matrix to be of the
form

ρ(0) = ρs(0) ⊗ ρB(0), (17)

where ρs(0) = |ψ (0)〉〈ψ (0)| and ρB(0) are the initial density
matrices corresponding to the two-qubit spin subsystem and
the spin environment, respectively.

We assume the external bath is initially at thermal equilib-
rium, such that it obeys the Boltzmann distribution

ρB(0) = exp(−HB/kBT )

Z
, (18)

where Z = Tr exp(−HB/kBT ) is the partition function of the
bath. For the sake of simplicity, we use units of energy and
temperature such that kB = 1. The time evolved density matrix
of the entire system can be computed through the expression

ρ(t ) = exp(−iHt )ρ(0) exp(+iHt ). (19)

To find the time evolved density matrix ρ(t ), we adopt
the procedure introduced in Ref. [42]. Here the thermal bath
state ρB(0) is expanded in terms of the eigenstates of the
environment Hamiltonian HB as follows:

ρB(0) =
M∑

m=1

ωm|φm〉〈φm|, (20)

where |φm〉, m = 1, . . . , M are the eigenstates of HB with
corresponding eigenenergies Em. The Boltzmann weight ωm

reads

ωm = exp(−Em/T )

Z
,

Z =
M∑

m=1

exp(−Em/T ). (21)

In the above discussion the index M represents the total
number of eigenstates. Since we used a Holstein-Primakoff
transformation to convert the spin bath to a single mode
thermal bath field, for consistency we must take the M → ∞
limit. For energy states with Em/T � 1, the Boltzmann factor
is negligible and thus we may approximate the bath state in
practice with a cutoff mc:

ρB(0) ≈
mc∑

m=1

ωm|φm〉〈φm|. (22)

Taking into account all these considerations we can write the
density matrix ρ(t ) as

ρ(t ) =
mc∑

m=1

ωm|	m(t )〉〈	m(t )|, (23)

where

|	m(t )〉 = exp(−iHt )|	m(0)〉 = U (t )|	m(0)〉, (24)

and the initial state is

|	m(0)〉 = |ψ (0)〉|φm〉. (25)

Now we find the evolution operator U (t ), which describes
the dynamics of the two qubit central spins. There are several
different methods to find the evolution operator. An operator
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(a) (b) (c)

FIG. 1. Coherence of the steady state corresponding to ρ(t → ∞) is given above for μ0 = 2g and g = 1. In (a) we calculate the variation
of coherence with γ for different values of g0 keeping T = g. The variation of coherence with respect to g0/g is given in (b) for different values
of γ and the value of T = g. The coherence variation with respect to temperature is given in (c) for different values of γ and g0 = g.

based technique was introduced in Ref. [30] to study the
dynamics of X states. An alternative to this is to use a
polynomial based scheme, which was introduced in Ref. [43]
and further developed in Ref. [44]. In the current work we
use the Laguerre polynomial based expansion method intro-
duced in Ref. [45] and used extensively in Ref. [46]. This
method is suitable for many quantum systems and can give
accurate results with much smaller computational overhead.
The evolution operator based on the Laguerre polynomial of
the Hamiltonian is

U (t ) =
(

1

1 + it

)α+1 ∞∑
k=0

(
1

1 + it

)k

Lα
k (H ). (26)

Here Lα
k (H ) is the Laguerre polynomial of type α and H

is the Hamiltonian. The index α ∈ (−1,∞) distinguishes
different types of Laguerre polynomials and k is its order.
In the case of a spin-star environment we take α = −1/2,
while for other models it can have different values with regard
to the numerical convergence speed [46]. Though the order
of the Laguerre polynomial k → ∞, in actual calculations
we truncate this to kmax, an optimal value. In our present
work we choose this optimal value through an investigation
of the numerical stability in the recurrence of the Laguerre
polynomial and the speed of the calculation. Once the order
of the expansion is fixed at kmax, the time step is selected
keeping in mind the accuracy of the evolution operator and the
run time of the numerical simulation. The numerical stability
is tested at each step by confirming whether the trace of the
density matrix is 1 with an error less than 10−12. In practice
the polynomial method is much more efficient than that of
the Runge-Kutta algorithm used in Ref. [42] under the same
conditions of accuracy.

From the time evolved state |	m(t )〉, we can always obtain
the density matrix ρ(t ) using (23). The reduced density matrix
of the bipartite system can be calculated by tracing out the
environment degrees of freedom

ρs(t ) = TrB ρ(t ), (27)

and can be expressed in the Hilbert space spanned by the
orthonormal vectors |11〉, |10〉, |01〉, |00〉.

One of the interesting features is the steady-state behavior
of quantum coherence. For the sake of illustration we con-
sider the long-time limit of quantum coherence (t → ∞) to

describe the steady-state behavior of quantum coherence (see
Fig. 1). From the plots we find that the quantum coherence
increases logarithmically with an increase in the anisotropy
parameter γ . On enhancing the spin-spin coupling ratio g0/g,
we observe from Fig. 1(b) that the coherence increases
very rapidly satisfying a law CT ∼ (g0/g)n, n � 3. Finally, in
Fig. 1(c), we show the change in quantum coherence as a
function of temperature. We find that the coherence initially
increases and attains a maximal value and then slowly decays.
The maximal value attained is a function of the anisotropy
parameter and the higher the value of γ , the greater is the
maximal value of coherence.

In the next section we investigate the dynamics of quantum
coherence of the central spins considering different initial
states. In all the numerical studies, we assume that μ0 = 2g
and g = 1, with the other parameters being varied.

V. DYNAMICS OF COHERENCE IN PURE STATES

In this section, we investigate the coherence dynamics of a
two-qubit system due to an external environment for various
pure initial states. The following three kinds of initial states
are considered: (a) bipartite pure states initially containing
only global coherence (e.g., Bell states); (b) bipartite pure
state initially possessing only local coherence (e.g., coherent
separable states); (c) bipartite pure states initially without any
coherence (e.g., incoherent separable states).

A. Maximally entangled coherent states

The dynamics of quantum coherence in the two-qubit
system is analyzed when the initial state is prepared in
the form of Bell states. We investigate the dynamics of
two Bell states |φ+〉 = (|00〉 + |11〉)/

√
2 and |ψ+〉 = (|01〉 +

|10〉)/
√

2, which are shown in Fig. 2. For the Bell states, the
entire coherence in the system can be attributed to the global
coherence distributed between the qubits. The local coherence
is zero because the product state constructed from a Bell state
is a completely incoherent state.

In Figs. 2(a) and 2(d), we show the variation of coherence
with different anisotropy parameters for the states |φ+〉 and
|ψ+〉, respectively. From both the plots, we observe that the
collapse and revival of coherence with large amplitudes is
more pronounced for γ = 0 than for γ = 1, which is inde-
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(a) (b) (c)

(f)(e)(d)

FIG. 2. Dynamics of quantum coherence of the two-qubit system initialized to the Bell states |φ+〉 = (|00〉 + |11〉)/
√

2 and |ψ+〉 =
(|01〉 + |10〉)/

√
2. We set g0 = g and T = g and calculate the time evolution of quantum coherence for different values of γ as shown in

(a) and (d) for the states |φ+〉 and |ψ+〉, respectively. Similarly setting γ = 0.25 and T = g we show the variation of the dynamics with respect
to the parameter g0 for |φ+〉 and |ψ+〉 in (b) and (e), respectively. Finally, we show the temperature dependence of the dynamics of the states
in (c) and (f) for |φ+〉 and |ψ+〉 for the constant values γ = 0.25 and g0 = g.

pendent of initial Bell states. It indicates that the increase of
anisotropy of the bath and interaction leads to a smaller time
to reach stable coherence. In contrast to the time evolution
of entanglement in Ref. [31], the coherence is more robust.
The time dynamics of coherence for various values of g0 (the
subsystem-bath interaction) is described in Figs. 2(b) and 2(e),
respectively. The oscillatory frequency of coherence becomes
much larger when the value of g0 is increased. This is due to
the fact that a higher value of g0 implies a stronger interaction
with the spin-star environment, which leads to a higher speed
of exchange of information between the two-qubit subsystem
and surrounding spin environment.

We also study the effect of temperature on the coherence
dynamics. The corresponding results are shown for |φ+〉 and
|ψ+〉 in Figs. 2(c) and 2(f), respectively. It is observed that
the revival of coherence for different temperatures happens,
but the amount of coherence revived is dependent on the
temperature of the bath. As the temperature increases, the
degree of coherence revival decreases due to the decoherent
effects of the temperature.

B. Coherent separable state

We now turn to the case of the two-qubit subsystem ini-
tialized to a separable state. In our discussion below, we look
into the coherence dynamics of the following product state
|χ〉 = | + +〉 = (|00〉 + |01〉 + |10〉 + |11〉)/2, which is not
entangled. The numerical results are shown in Figs. 3 and 4.

Since the two-qubit subsystem is coupled with a common
bath, the state of the qubits becomes entangled in the course
of evolution which can be measured through a numerical cal-
culation of concurrence, an entanglement monotone [31–33].
Figure 3 shows the dynamics of the entanglement (E), total
coherence (TC), local coherence (LC), and global coherence
(GC) of the subsystem. From the plots it is seen that, while
the entanglement and global coherence are initially zero,

they attain a finite value during evolution and also have a
similar time dependence. This is because of the interqubit
correlations introduced in the quantum system by the common
bath. We also should note that the entanglement disappears
at gt ≈ 13, but the global coherence generated always exists
during the evolution. Meanwhile, the local coherence which
initially takes its maximal value tends to decrease with time.
The entanglement and local coherence have complementary
behaviors, such that the entanglement increases when the local
coherence decreases and vice versa. This indicates that local
coherence is transferred to global coherence through the bath,
and at particular times there is only interqubit correlation
and entanglement between the two qubit, but no intraqubit
coherence.

In Fig. 4, we show the global and local coherence for
various values of the anisotropy parameter γ , system-bath

FIG. 3. Time evolution of entanglement (E), global coherence
(GC), local coherence (LC), and total coherence (TC) for the state
|χ〉 with γ = 0.25, g0 = g, and T = g.
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(a) (b) (c)

(d) (e) (f)

FIG. 4. Time evolution of global and local coherence for the state |χ〉. In (a) and (d) we show the dynamics of global and local coherence
respectively for different values of γ with the other parameters being maintained at g0 = g and T = g. For different values of g0 we show the
time variation of coherence for the global and local coherence in (b) and (e), respectively, keeping γ = 0.25 and T = g. The time variation of
coherence is shown in (c) and (f) for the global and local coherence, respectively, with the values of γ = 0.25 and g0 = g.

couplings g0, and temperature T . We see from Fig. 4(a) that
the global coherence is initially zero for all values of γ , but
it increases with time, attains a maximum value, and again
decreases. In the case of local coherence, the coherence is
maximum initially, which falls to zero and then revives as
observed in Fig. 4(d). For γ = 0 (the isotropic case), both
the local coherence and the global coherence attain their
maximum and minimum value compared with other values
of the anisotropy parameter. Also the time taken for the
fall and revival of coherence is longer for larger values of
the anisotropy parameter. It indicates that the increase of
anisotropy hinders the generation of global coherence and loss
of local coherence for |χ〉. For the system-bath coupling g0,
in Fig. 4(b) we see that the initial global coherence is always
zero for any value of g0 and is generated at a later time due
to the interaction with the bath. While it initially increases,
it again decreases and the rate of this change in coherence is
entirely dependent on the value of g0. The dynamics of local
coherence is shown in Fig. 4(e). Its initial value is always
the maximal value of 2, and it decreases and then revives.
This change is also dependent on the value of g0 and happens
faster for higher values of the coupling g0. The larger the
value of g0, the faster the change in coherence, because the
subsystem and the bath interact more strongly when g0 is
higher. The transient dynamics of both the global coherence
and local coherence for different temperatures is shown in
Figs. 4(c) and 4(f). The global coherence which is initially
zero increases and reaches a maximum value which is in-
versely proportional to the temperature as shown in Fig. 4(c).
As for the local coherence it is initially at a finite value which
reaches zero and then revives. This collapse and revival of
coherence is dependent on the temperature and the maximum
value of the coherence revived is inversely proportional to
the temperature as displayed through Fig. 4(f). The amount
of maximal coherence and the revived value of coherence
is inversely proportional to the temperature because of the
thermal decoherence effects. Therefore, the total coherence

decreases with the temperature. In the present part, we do not
consider the dynamics of the total coherence which is a sum
of the local and global coherence. This is because the response
of total coherence to the different interaction parameters such
as γ , g0, and T will be just an additive combination of the
local and global effects.

C. Incoherent separable state

We now turn to examining the transient dynamics of
quantum coherence for initially incoherent separable states.
We consider the two initial states |00〉 and |01〉, which do
not have any coherence since they have a diagonal density
matrix (in the σ z basis). As the two-qubit subsystem evolves
in time, it gains coherence as can be observed from the plots
in Fig. 5. From Figs. 5(a) and 5(c), we find that the maximum
value of coherence is attained for γ = 0 in the case of |01〉
but for γ = 1 in the case of |00〉. The subsystem gains little
coherence when γ = 1 for |01〉 as well as for |00〉. The
variation of coherence with time for the different values of g0,
the system bath interaction parameters, is shown in Figs. 5(b)
and 5(d) for the states |00〉 and |01〉, respectively. The increase
of the coupling to the bath helps to increase the global
coherence.

Throughout the entire dynamics the only coherence formed
in the subsystem is the global coherence, which signals the
introduction of only interqubit correlations. Hence, in Fig. 5,
we show the dynamics of the total coherence, which is
equal to the global coherence in this case. Thus we find
that quantum coherence can be introduced in an incoherent
state in contact with the common bath, an effect which can
be described as bath-induced coherence. This is because
the common bath introduces quantum correlations to the
incoherent state, which manifests itself as coherence of the
subsystem.

When we observe the dynamics of the Bell states |φ+〉
and |ψ+〉 we can notice that |φ+〉 has a chaotic dynamics,
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(a) (b)

(c) (d)

FIG. 5. Time evolution of the total coherence for the states |00〉
and |01〉. In (a) and (c) we show the dynamics of total coherence
of the states |00〉 and |01〉 respectively for various values of γ

fixing g0 = g and T = g. Setting γ = 0.25 and T = g we show the
dynamics of total coherence for states |00〉 and |01〉 in (b) and (d),
respectively.

whereas in |ψ+〉 the dynamics is more regular. In the case
of the quantum state |φ+〉, the revival state is not exactly the
same and hence the nature of the dynamics is chaotic, since
the quantum state keeps changing throughout the evolution.
The state |ψ+〉 exhibits a periodic behavior since the revival
state is close to |ψ+〉. In contrast the state |00〉 has periodic
dynamics, since its revival state is close to itself. However,
the state |01〉 presents a rather chaotic dynamics since the
quantum state changes throughout the evolution. The results
which are well established for the entanglement and fidelity
dynamics in Ref. [31] are also confirmed for the coherence
dynamics through our present work.

From our investigations of the pure states, we should point
out some interesting features. When the initial state is either
the Bell state |φ+〉 and |ψ+〉 or the incoherent state |00〉 and
|01〉, we observe the dynamics of only global coherence. This
is because the local coherence which is initially zero is never
generated due to the interaction between the subsystem and
the bath. Both the Bell states and the incoherent states belong
to the class of states known as the X states in which the
density matrix has elements only along the diagonal and the
antidiagonal. It is well known [47] that under time evolution
an X state will evolve into another X state. Further, it is
also known that the product state corresponding to an X state
[π (ρ)] is diagonal and hence incoherent. Hence an X state
contains only global coherence and since it always evolves
into another X state [47], no local coherence is generated
in its evolution. In the case of the separable state, the state
|χ〉 can be written in a product form and hence it does not
have global coherence. But the product state is not necessarily
diagonal, and local coherence can be present in the system.
The interaction of the subsystem with the environment gives
rise to quantum correlations between the two qubits. This
quantum correlation generates the global coherence which
does not exist in the initial system. Since the product state

is not strictly an X state, there is a complex relationship
between the X -state (diagonal and antidiagonal) elements and
the remaining elements giving rise to the observed dynamics
of the local and global coherence.

VI. DYNAMICS OF COHERENCE IN MIXED STATES

In this section, we explore the dynamics of quantum co-
herence when it is initially prepared in a mixed state. This is
relevant from a practical point of view since it is generally
difficult to prepare a perfectly pure state experimentally. We
consider mixed states of the form

ρ� = 1 − μ

4
I4 + μ|�〉〈�|, (28)

where |�〉 is a pure state and μ is the mixing parameter. Here
I4 is the maximally mixed two-qubit state and corresponds
to a classically maximum entropy probability distribution.
As such it has no quantum correlation and thus has zero
quantum discord [1]. We present the results for the entangled,
separable, and maximally mixed states below.

A. Werner Bell states

The time evolution of quantum coherence for the mixed
state defined in (28) with |�〉 = |ψ+〉 is shown in Figs. 6(a)
and 6(b). For the values of the parameters γ = 0.5, g0 = g,
and T = g, we show the total coherence dynamics in Fig. 6(a)
for various values of the mixing parameter μ. We observe
that the amount of coherence generally increases with the
mixing parameter, as expected for a state of higher purity.

(a) (b)

(c) (d)

FIG. 6. Time evolution of quantum coherence from an initially
mixed state of Werner form given in (28), for |ψ+〉 and |χ〉 states.
(a) For the state |ψ+〉, we display the total coherence dynamics for
different values of the mixing parameter μ setting γ = 0.5, g0 = g,
and T = g. (b) At a fixed time gt = 5 we show the monotonic change
of the coherence with the mixing parameter fixing γ = 0.75, the
values of g0 and T being shown in the plot. (c) For the mixed
state with |χ〉 we investigate the time dynamics of global and local
coherence for γ = 0.5, g0 = g, and T = g. (d) The variation of
coherence with μ at a fixed time gt = 5.0 is given for γ = 0.75 and
g0 = g for different values of temperature.
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It is because the quantum coherence is present only for the
Bell state, and is zero for a completely mixed state I4/4. It is
known from past studies that the Werner-Bell state (28) has
nonzero entanglement in the range μ > 1/3, and hence for
0 � μ � 1/3 the state has no entanglement [48]. The global
quantum coherence is a consequence of both quantum corre-
lations due to entanglement and interqubit quantum correla-
tions (i.e., quantum discord). Therefore, the global quantum
coherence is nonzero even when the state is separable. We
demonstrate the variation of coherence as a function of the
mixing parameter μ for fixed values gt = 5 and γ = 0.75,
and for various choices of spin-bath coupling parameter g0

and temperature T in Fig. 6(b). We see that the coherence
increases monotonically with increasing the mixing parameter
for all parameter choices.

B. Separable mixed state

We now consider the separable state |�〉 = |++〉 in (28)
as the initial condition for the time-dependent coherence
dynamics. Such a quantum state presents very rich time
dynamics since the evolution causes a change in both global
and local coherence of the system. Selecting a fixed value of
parameters γ = 0.5, g0 = g, T = g, we examine the dynam-
ics for different values of μ in Fig. 6(c). We find that the
coherence dynamics is more subdued for both the local and
global coherence with the decrease in the mixing parameter
μ. The reason is that we are mixing the separable state with
a classical correlated state. For a fixed value of gt = 5 with
γ = 0.75 and g0 = 2g we also find the variation of local
and global coherence with the mixing parameter in Fig. 6(d).
The calculation is carried out for different values of the
temperature for the sake of consistency. We find that both
local and global coherence displays monotonic decrease with
decreasing mixing parameter μ. Also we can observe finite
temperature decoherence effects in the dynamics of local and
global coherence.

C. Maximally mixed incoherent state

We finally consider the maximally mixed state correspond-
ing to μ = 0 in (28). This state has zero purity and is incoher-
ent for any basis choice. The time dynamics of this state for
various parameters are shown in Fig. 7. Naively, one might
expect that a maximally mixed state would be invariant to any

(a) (b)

FIG. 7. Time dynamics of the initially maximally mixed state
I4/4. (a) Time evolution of the total coherence for various anisotropy
parameters γ , setting g0 = 2g and T = g. (b) Time evolution of
the total coherence for various system-bath couplings g0, setting
γ = 0.25 and T = g.

time dynamics because it has no coherence. In Fig. 7(a), the
time variation of coherence is shown for g0 = 2g and T = g
with various values of the anisotropy parameter. Contrary to
the naive expectation, the total coherence is initially zero,
but starts to increase after the system interacts with the bath
and reaches a finite value and then decreases. The maximal
value attained depends on the anisotropy parameter and is
higher for the isotropic situation when γ = 0 and is the least
for γ = 1, the transverse field Ising model. Analogously, we
see, in Fig. 7(b), that when the value of spin-bath interac-
tion g is increased, the coherence dynamics becomes more
prominent. The reason is that a higher value of g implies
a stronger interaction between the bath and the system and
hence the coherence is generated by interacting with the
environment.

The knowledge on the coherence dynamics of the mixed
states leads us to similar results for the case of X -type state.
Both the Werner-Bell state and the maximally mixed state are
X states and hence we observe only the time evolution of
global coherence. No local coherence exists or is generated in
the system throughout the course of evolution. This is because
any given X -state evolves only into another X state [47] and
such states have a product form which always has a diagonal
density matrix, and is incoherent. Therefore, there is no gener-
ation of local coherence since it needs the product states to be
nondiagonal. In the case of an initially mixed separable state,
the local coherence is much more dominant than the global
coherence. Due to the interaction with the environment, the
global coherence of the state increases, leading to the dynam-
ics of local and global coherence observed in the present work.
For the case of maximally mixed state we find that it initially
does not have any coherence, but later on there is coherence
introduced in the system by the environment. We find that the
maximal value of coherence is far smaller (typically one order
of magnitude) than the amount of coherence introduced in
other states. This is because the entire coherence gained by the
maximally mixed state which is classically correlated comes
from its interaction with the environment which is quantum
by nature. On increasing the temperature the quantum nature
of environment decreases and so the amount of coherence
introduced by the bath decreases and becomes negligible
at high temperatures. On the contrary the pure incoherent
states |00〉 and |01〉 possess a higher amount of coherence
generated during the course of the transient dynamics. It is
noticed that these states have a purity equal to one, while
the maximally mixed state has zero purity. Such states have
the opportunity to convert their inherent quantum property
(i.e., purity) into coherence during the course of evolution,
while maximally mixed states do not have this opportunity,
and can only become coherent unless coherence is introduced
externally. To illustrate this point we compare the dynamics
of coherence and purity. Using Eq. (14), we measure the
quantum coherence of the states |00〉 and |01〉. The connection
between purity and quantum coherence of a system has been
investigated through several works [49,50]. The purity of a
quantum state is measured as its distance to the maximally
mixed state. Using the relative entropy distance measure, the
purity of a quantum system is

P = S(ρ‖Id/d ) ≡ log2 d − S(ρs), (29)
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(a) (b)

FIG. 8. Time dynamics of total quantum coherence and purity of
the system for the (a) |01〉 and (b) |00〉 quantum states. The value
of the parameters used are γ = 1, T = g, and g0 = g. The values of
coherence are multiplied by 10.

where P is the purity and d is the dimension of the Hilbert
space. From the plots (see Fig. 8), we observe that initially the
coherence is zero and the purity is at a maximal value. Then
the loss of purity is accompanied by an increase in quantum
coherence of the system. The purity and coherence exhibits
complementary dynamics, where increase (decrease) of one
quantity is accompanied by the decrease (increase) of the
other. This gives credence to our point that the purity can be
converted to quantum coherence in a given quantum system.

D. Central spins in a finite bath

In our work so far we have studied the dynamics of quan-
tum coherence of a two qubit system exposed to an infinite
spin bath. Hence it is natural to ask the question as to what
is the dynamics of coherence when the number of spins in
the bath is finite. To answer this question we investigate the
dynamics of coherence in the entangled states |φ+〉 and |ψ+〉
as well as in the incoherent separable states |00〉 and |01〉 for
a bath size of N = 40 spins. The results are shown in Fig. 9.

FIG. 9. Dynamics of quantum coherence of the two-qubit system
initialized to the Bell states |φ+〉 = (|00〉 + |11〉)/

√
2 and |ψ+〉 =

(|01〉 + |10〉)/
√

2 for N = 40. We set g0 = g and T = g and calcu-
late the time evolution of quantum coherence for different values of
γ as shown in (a) and (b) for the states |φ+〉 and |ψ+〉, respectively.
In (c) and (d) we show the dynamics of total coherence of the states
|00〉 and |01〉 respectively for various values of γ fixing g0 = g and
T = g.

The coherence in the state |φ+〉 is initially at a maximal
value and then it starts decreasing with time. It decreases to
a minimal value and then revives again. The minimal value
attained is lower for higher values of the anisotropy parameter
γ . However, we notice that the dynamics of the state is
chaotic. In the case of the state |ψ+〉, there is also a fall and
revival of coherence and the extremal values are higher for
smaller values of the anisotropy parameter. The periodicity
is also well marked for the lower values of the anisotropy
parameter. The state |φ+〉 is not very periodic, whereas the
state |ψ+〉 has a nice periodic behavior. This is because in
|φ+〉 the revived state is not close to that of the original state
[31] and so the dynamics is chaotic. But in |ψ+〉 the original
state and revived state are closer to each other [31] and so the
dynamics is periodic in nature.

The quantum state |00〉 is initially incoherent and is also
a separable state. But on interacting with the bath, the sys-
tem gains coherence and this coherence exhibits a periodic
dynamics. The amount of coherence gained depends on the
anisotropy parameter and is higher for higher values of γ .
Similarly, the state |01〉 is also an incoherent inseparable state,
but on evolution it exhibits a chaotic dynamics. The amount
of coherence gained is higher for higher values of γ . The
state |00〉 is periodic because the revived state is closer to
the original state, but the state |01〉 is chaotic because the
revival state is not closer to the original state. Comparing these
results with the ones corresponding to those for the infinite
bath system, we find that the results agree qualitatively with
each other. Hence we claim that our results which have been
discussed for quantum systems in an infinite bath also hold
qualitatively when the systems are in a finite bath.

VII. SUMMARY AND CONCLUSIONS

An investigation of the time dynamics of quantum co-
herence of two central spins in a finite temperature external
environment was carried out. The dynamics were investigated
for a variety of initial conditions of the two central spins,
from pure to mixed states. For pure states we consider the
Bell state and a coherent and incoherent separable state. The
mixed state properties were explored through the study of
Werner-Bell state, the mixed separable state, and the maxi-
mally mixed state. The coherence was decomposed into its
local and global coherence contributions to analyze the origins
of the coherence. Also the time evolution was examined
by varying important parameters like the anisotropy of the
spin interaction and the interaction strength between the bath
and the central spin, as well as the temperature. From our
investigation we notice that the Bell state |ψ+〉 presents a
dynamics which is more regular compared to the dynamics
of the Bell state |φ+〉. This is because the revival state of the
|ψ+〉 is closer to the initial state and hence it gives rise to
periodic dynamics. In the case of |φ+〉, the revival state is not
the same as the initial state and hence it has chaotic dynamics.
Similarly in the case of the separable states, the state |01〉
exhibits a chaotic dynamics since its revival state is not the
same as the initial state. But the quantum state |00〉 has a much
more periodic behavior since the revival state is close to the
initial state. Hence the periodicity or its lack thereof depends
on how close the revival state is to the initial state. While the
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results have been investigated for systems in contact with an
infinite bath, we also establish that similar qualitative results
hold for systems in contact with a finite number of spins. (See
Fig. 9.)

From the numerical results corresponding to the mixed Bell
states and mixed separable state we notice that all kinds of
coherence decrease on mixing with incoherent states. Further
in the case of Werner-Bell states we find that the coherence is
also present at values less than μ = 1/3, which is the standard
Werner separability criteria. In the case of the Werner-Bell
state the total coherence is equal to the global coherence
since the entire correlations are due to interqubit correlations.
Below the Werner separability criteria μ < 1/3, the global
coherence can be attributed to the presence of quantum corre-
lations, in agreement with the results that the quantum discord
is nonzero for any μ > 0. We also showed that, at a fixed time
step, the coherence decreases monotonically with decreasing
the mixing parameter for both the Werner-Bell state and the
mixed separable state. Finally, as expected the thermal effects
present an overall decoherence effect on the dynamics of the
central subsystem.

The observations of the dynamics of quantum coherence
give rise to the following conclusions. (i) An X state will
always have global coherence. The reason is a combination
of two factors, namely an X state will always evolve into
an X state and the product form of the X state is always
diagonal in nature and is therefore incoherent. We demon-
strate this result by the calculations of the Bell states, incoher-
ent states |00〉, |01〉, Werner-Bell states, and the maximally
mixed states. (ii) A state with only initial local coherence
gains global coherence during the course of evolution. This
is because the interaction between the two-qubit subsystem
and the common bath creates interqubit correlations, which
give rise to the global coherence between the two qubits.
(iii) It is possible for a completely incoherent state to gain
coherence by interacting with an external bath. Here we note
that there are two ways through which an incoherent state
can gain coherence: one is by interacting with the external
bath and the second is through an interconversion of other
quantum properties into coherence. One such convertible
quantum feature is the purity of the system and through the
course of dynamical evolution part of the purity might get

converted into coherence. A comparison between the pure
incoherent states |00〉, |01〉 and the maximally mixed state
shows that, while both these states gain global coherence
during evolution, the amount of coherence gained in the
pure incoherent states is much larger (typically one order of
magnitude) than that gained by the maximally mixed state. In
the pure incoherent state both the interaction with the external
bath and the interconversion of purity creates the global co-
herence. But in the case of the maximally mixed state the only
source of coherence is the correlation with the environment.
To illustrate it further we calculate the purity and coherence
of the quantum states |01〉 and the state |00〉, where we notice
the complementary dynamics of purity and coherence. We
note that, in Ref. [51], an experimental interconversion be-
tween coherence and quantum correlations was demonstrated
through the use of ancillary qubits. In the present work we
showed the possibility of interconversion between coherence
and purity of a system by subjecting the system to a time
evolution process. An experimental demonstration of such
interconversion would be very interesting in our opinion. An
interesting extension of the current work will be to describe
the dynamics of coherence and its distribution in systems
with more than two spins, which would lead to more complex
behavior.
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